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Abstract 
In the shock physics community there is significant interest in the acquisition of 
accurate isentropic Equation of State (EOS) data at megabar pressures (i.e., at 
-50 GPa and above). A relatively new technique, called the Isentropic Compression 
Experiment or ICE, uses rapidly rising magnetic fields to compress materials to high 
stresses of the order of 50 GPa and above over a few hundred nanoseconds. This 
work was first performed on the Z-machine at the Sandia National Laboratory in 
Albuquerque, NM, USA. Using ICE, the Sandia researchers were able to obtain 
relatively accurate EOS data at large stresses in a planar geometry. 
This thesis describes the explosive pulsed power (HEPP) version of the ICE 
method, which employs a simple and compact HEPP apparatus. Every aspect of the 
HEPP-ICE work is presented, from theory to component development, to 
experimentation and data analysis. 
In the ICE experiment, smoothly rising (shock-free) mechanical compression 
waves are propagated into matched samples of different thicknesses by 
electromagnetic loading in a planar geometry. A complete EOS curve is acquired in 
one experiment, i.e., continuously from zero up to the peak stress. High quality 
isentropic EOS data have now been obtained for many materials including, for 
example, aluminum, copper, tungsten, tantalum and high explosives. 
The Z-machine is a 4-MV Marx bank capable of delivering 20 MA into an 
inductive load of a few nH with a risetime of -1 DOns. The machine is on the order of 
50 m in diameter. In contrast, the HEPP system occupies the space of an office desk. 
The HEPP-ICE technique is shown to be superior to other techniques in terms of 
accuracy, sample size, and maximum stress. The high degree of planarity of the stress 
drive in an HEPP-ICE load, i.e., better than 1 part in 103 over the majority of the 
width, makes HEPP-ICE orders of magnitude better than other techniques and thus 
provides the greatest accuracy. Moreover, because opposing samples share the same 
B-field in an HEPP-ICE load, exact B-field matching is attained; again giving higher 
accuracy. Finally, because larger sample thicknesses can be accommodated, the 
timing accuracy is better than for other techniques. 
It will be shown that samples as large as 10 mm in thickness and 20 mm across 
can be isentropically loaded to in excess of 2 TPa (20 Mbar) with HEPP-ICE. 
iii 
(Sample sizes are important when material grain sizes are large, e.g., significant 
fractions of a millimeter.) No other technique can match this combination of sizes and 
stresses. Finally, long duration stress drives, i.e., many microseconds, are required for 
very high stress (-2 TPa), isentropic equations of state. No other technique can 
generate magnetic loading with such large stresses and long rise times in a planar 
geometry. 
The HEPP-ICE system must generate currents of the order of tens of MA with 
risetimes of -500 ns (d//dt ~ 20 TNs). It was a significant experimental challenge to 
develop the necessary explosive opening and closing switches, which can operate with 
a few tens of ns precision, to obtain these current risetimes. In the prototype HEPP-
ICE experiments reported here, accurate isentropic EOS data have been successfully 
obtained for OFHC copper and ~ngsten in the Mbar range. 
IV 
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dLldt Time rate of change of inductance Ohms 
E Electric field Vim 
I7V Grad V, gradient of electric potential Vim 
B Magnetic induction (magnetic field, B-field) Tesla (T) or 
Weberslm 
A Magnetic vector potential V.s/m 
H Magnetic field intensity Nm 
D Displacement vector Coulombs/m2 
dD/dt Displacement current Nm2 
B2/2p Magnetic pressure or energy density Pa or J/m3 
Shock wave physics 
P Pressure Pa 
(]' Stress Pa 
U, up, Particle velocity m1s 
Up 
p Mass density kg/m3 
Us Stress wave velocity m1s 
CL Langrangian wave velocity m1s 
E Specific internal energy J/kg 
rh Mass flow rate per unit area per unit time kg/m2s 
XXXll 
Principal symbols 
v Reciprocal volume = I / p m3/kg 
s Entropy J/kg.K 
T Temperature K 
v Poisson's ratio Dimensionless 
r Griineisen coefficient (gamma) Dimensionless 
y Yield strength Pa 
Any other symbols are defined as they appear. 
XXXlIl 
CHAPTER 
ONE 
INTRODUCTION 
Transient, high pressure' isentropic compression experiments have been of great 
interest to both the high magnetic field and the shock physics communities since the 
early 1970s, as reviewed by Fowler [1] and Nellis [2]. For example, various teams 
have sought to metalize liquefied or solidified gasses by shock-free compression t to 
megabar pressures, both in cylindrical magnetic experiments and planar gas-gun 
experiments [3,4]. 
1.1 The Hugoniot and the Isentrope 
In the shock physics community there is significant interest in the acquisition of 
accurate isentropic Equation of State (EOS) data as opposed to shock (Hugoniot) EOS 
data, i.e., where the Hugoniot data are obtained with shock experiments. t As will be 
seen, Hugoniot data are more readily accessible than isentropic data, and at low 
pressures they are not significantly different to the isentropic data. At moderate 
pressures however, i.e., above a few tens of GPa, the data diverge from each other, but 
isentropic data can still be derived from Hugoniot data with reasonable accuracy using 
corrections based on the Mie-Gruneisen EOS. At still higher pressures (in the 
hundreds of GPa) the divergence of the data is large and the Mie-Griineisen EOS 
correction does not provide the necessary accuracy. Moreover, the accuracy of the 
shock Hugoniot data is impaired, principally because the high wave velocities 
associated with the high pressures are more difficult to measure accurately, I.e., 
• There are important differences between the terms "pressure" and "stress" that are most significant 
when we discuss the analysis of the ICE data. "Pressure" will be used where the differences are not 
significant, and the two tenns will be used where the distinction counts. 
t Shock free compression is required to minimize the temperature rise, as will be seen later. 
! For an introduction to shock physics and its tenninology see R. Courant and K.O Friedrichs, 
Supersonic Flow and Shock Waves, Springer-Verlag, 1999. 
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Figure I-I. Comparison of the isentrope (dashed line) and Hugoniot (circles, squares, etc.) 
of pure aluminum at pressures up to 10' Mbar. The abscissas are dimensionless 
compression, i.e., ratio of compressed density, p, to ambient density, Po. The left hand 
ordinates are pressures in Mbar, the right hand ordinates are temperatures in e V. 
because the measured times of flight in samples are very short [5]. (For the purposes 
ofthis study, an inaccuracy in density of less than 1% is sought.) 
Figure 1-1 shows shock Hugoniot data and estimated isentropic compression data 
for aluminum up to -1 PPa (10 Gbar) obtained by a variety of techniques including 
gas-gun experiments and nuclear tests; the figure was adapted from data in reference 
[6]. The isentropic and Hugoniot data appear nearly identical below 100 GPa 
(l Mbar). The blue and pink areas in the figure show the approximate data regimes 
accessible from gas-gun and ICE experiments. It is shown that the High Explosive 
Pulsed Power-Isentropic Compression Experiment technique (HEPP-ICE) described 
in this thesis is capable of reaching 2 to 3 TPa with advanced HEPP systems [7], see 
Chapter 3. 
To illustrate the divergence of the Hugoniot from the isentrope, note that when 
aluminum is shock loaded to a compression (the ratio of final density to ambient 
density) of -4.8 the final stress is -44 TPa and the final temperature -100 eV. By 
companson, when isentropically compressed 4.8 times to the same final density, it is 
estimated that the stress is only -3 TPa and the temperature -10 eV, see Figure 1-1. 
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In other words, the temperature and thermal stress are an order of magnitude larger for 
the shock than for the isentropic compression case. Therefore, the differences 
between Hugoniot and isentropic data are significant at the stresses of interest in this 
study. For a variety of high-pressure physics applications, it is important to obtain 
accurate isentropic EOS data, not to estimate them. Until the advent of ICE these data 
have not been available. 
1.1.1 Limiting compression for shock and isentropic compression 
As can be seen from Figure 1-1, there is a limit to the density compression that 
can be achieved by shock in aluminum, and this is true of all matter. This is because 
when a material is subjected to a sufficiently strong shock wave, it will be partially or 
completely ionized and thus be converted to plasma. At the extreme, the density 
approaches the ideal gas limit, which is about six times the initial density (i.e., 6po) for 
a diatomic gas [8]. 
/sentropic compression does not share this limitation, so extreme states of matter 
(i.e., higher densities) beyond the ideal gas limit can be attained using HEPP-ICE. 
1.2 The shock jump conditions, the shock Hugoniots and the Rayleigh line 
Central to this thesis are the differences between a shock Hugoniot and an 
isentrope. So without further ado, we will invoke the laws of conservation of mass, 
energy and momentum to describe the progress of a shock in a material, derive the 
classic Rankine-Hugoniot equations [9,10], and show how isentropic loading differs to 
shock loading. As the distinction counts in terms of stress wave physics, we will refer 
to stress rather than pressure here. The distinction between stress and pressure is 
discussed in Chapter 7. Note that the equations are commonly derived with the initial 
particle velocity Uo and stress 0"0 taken as zero for a material at rest. Yet for 
considerations of isentropic compression (ramp-wave loading), the complete 
equations are more appropriate because Uo and 0"0 will be finite as we progress along 
the ramp wave. 
Consider an observer sitting on a shock wave traveling at a velocity Us in a 
material from left to right such as that in Figure 1-2. Ahead of the shock wave the 
state of the material is described by its stress 0"0, internal specific energy Eo, density 
po, and particle velocity (mass velocity) uo; behind the shock wave the material is 
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Figure 1-2. A shock wave traveling through a material from left to right. The material to 
the right, ahead of the shock wave, is in the initial state "0." 
described by ai, Eh Pi> and UI. We assume there is no heat flow and no other source 
of energy. 
First, we calculate the mass flows in two columns of material of cross-sectional 
area A. In a time increment L1t we know the length of a column of material flowing 
towards the observer is LIt (Us - uo) and the mass of that column is A At (Us - uo)Po; 
the mass flowing away (on the other side of the shock) must be A At (Us - UI) PI. For 
mass to be conserved these are equal so, writing m as the mass flow per unit cross 
section, per unit time 
(1.1) 
Applying Newton's second law (in the frame of reference of the observer), we 
know that the differential force between the front and back columns must be equal to 
the time rate of change of momentum. The two momenta of the columns are their 
masses times their velocities and the force differential is (al -ao) A = ALIa where LI 
indicates the change III a value. The masses are identical 
(i.e.,AAtxrn orAAtpo(u, -uo) and the rate of change in velocity is (UI - uo)/ LIt = 
Llu / LIt so 
This can be written asAa = rnAu. Finally, to conserve energy the work done by 
the differential forces over a distance must equal the change in kinetic and internal 
energies. Using E for the specific internal energy (i.e., energy per unit mass) in 
4 
Chapter I Introduction 
laboratory coordinates, the work done = LI { force x distance } = LI { KE + mass x 
specific internal energy} 
AM x{ O"IUI -O"ouo} = A!J.t x m{+( ul' -u~) + El - Eo} 
We cancel out the ALlt tenns, and from Equation (1.1) obtain the following 
equalities, 
O"IUI-O"OUO =t{(0"1 +O"o)!J.u+!J.O"(uI +UO)} and 
u~ -u~ =!J.u(uI +UO) 
The energy equation then becomes 
(1.3) 
Writing vO' VI for the specific volumes in (1. I) (reciprocals of densities Po and PI) we 
obtain 
And combining with (1.2) 
(1.4) 
That is, !J.u = ±-1-!J.O".!J.v, which is the change in particle velocity across a shock front 
or an infinitesimally small step in stress along a ramp wave. Moreover, (1.3) can be 
rewritten as 
(1.5) 
Equations (1.1), (1.2) and (1.5) are the classic Rankine-Hugoniot equations for the 
jumps in stress, energy and particle velocity across a shock front. To solve the 
equations for the four unknowns of energy, density, stress, and particle velocity we 
need a fourth equation, the so-called EOS of the material, more on that later. 
Figure 1-3 can be used to interpret the meaning of these equations. In stress 
volume (a'V) space we compress the material from point A (vo. 0"0) to B (VI, 0"1) across 
the shock front, i.e., instantaneously. The change of internal energy from Equation 
(1.5) is identical to the area of the polygon ABCDA. 
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1.2.1 Shock Hugoniot and Rayleigh line 
The slope of the line BC, i.e., -(IT, -lTo)1 (v, -vo), defines the shock velocity 
because when we eliminate UI-UO from Equations (1.1) and (1.2) we get 
(1.6) 
The line BC is the Rayleigh line [11] and as such represents the conservation of 
mass and momentum. The Rayleigh line intersects the EOS at C, and C lies on the 
locus of all shock states, the curve through BDEFC and on, that the material will reach 
when shocked from the state (B) to any final stress, (j. This locus is called the shock 
Hugoniot. 
1.2.2 Quasi-isentropic and ramp loading 
What is interesting is to consider shocking the material in a number of small steps 
from B to C, e.g., via points E, F, and G in Figure. 1-3, because it helps to explain 
isentropic loading. If we do this, then the total change in internal energy is the total of 
the areas for each segment, and as we increase the number of segments, it is clear that 
the total area approaches the area under the curve ABEFGCDA. This approximates to 
ramp loading. The area under the curve ABEFGCDA is significantly less than that of 
the polygon ABCDA, so we have done less work in compressing the material from B 
to C. This is the basis of the shock ring-up techniques that are reviewed in 1.3.6.1 and 
t 
a 
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I 
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Figure 1-3. a-V relationship for a typical metal, and the Rayleigh line. The dashed line 
represents a quasi-isentropic loading from B to C via E, F, and G. 
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the continuous ramp wave loading provided by the ICE technique. 
The difference in energy between the two paths from B to C causes materials to 
become hotter when shock-loaded than they do when isentropically compressed to the 
same density, as shown in. Consequently, at high stresses, the material properties 
may be dramatically different, e.g., the material could melt when shocked but stay 
solid otherwise, and the thermal energy can significantly add to the total stress in the 
material. (For further details of the thermal stress, see the section "Isentrope from 
gas-gun Hugoniot data (Mie-Griineisen EOS)") 
- As will be seen in Figure 1-1, at stresses less than a few tens of GPa in solid 
metals, the isentrope and Hugoniot are almost indistinguishable. Consequently, multi-
step shocking from B to C can be considered nearly isentropic (i.e., quasi-isentropic), 
and at low stresses, even single-step shocking may be quasi-isentropic. 
1.2.3 Viscoelastic effects and shocks 
At higher stresses the shock Hugoniot and isentrope diverge, and this can be 
explained in terms of viscoelastic effects. Recall that from the first and second laws 
of thermodynamics 
dE = Tds-udV (1.7) 
Here E is the energy, T the temperature, s the entropy, u the stress, and V the 
volume. For an isentrope then, dE = -udV. The jumps in stress, particle velocity, and 
hence strain, across a shock front are fast. A shock front may rise in times of the order 
of a nanosecond, and consequently it is typically associated with strain rates of the 
order of 107S·1 and above. For example, a plane shock in copper from atmospheric 
pressure to a stress of 100 GPa compresses it from a density of 8930 kg/m3 to 
12158 kg/m3, i.e., the strain is -26.5%, and a I-ns risetime would correspond to a 
strain rate of _2.65xI08s·1• 
At low strain rates, the metals exhibit a purely elastic behavior so that the orlV 
work done by compression (or extension) is recovered elastically on release. At 
higher strain rates the viscous forces become significant and the entropy changes. 
Then additional energy (Tds) is expended in compressing the material, and this is not 
recovered on release. In other words, metal compression cannot be isentropic at high 
strain rates. Returning to ramp loading, by extending the rise time of the compression 
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the strain rate is reduced and elastic behavior and hence isentropic loading is attained. 
Risetimes of the order of 500 ns are commonly obtained with HEPP-ICE. Ramp-
loading loading to 100 GPa compresses the volume of copper by -27.5%' so the strain 
rate is -5.5x 105 S·l, which is almost three orders of magnitude lower than for as shock, 
and at such a Iow strain rate the compression is close to isentropic. 
1.3 Review of candidate methods for obtaining accurate isentropic data 
Isentropic EOS data are important to the nuclear weapons community and these 
data have been sought by a variety of means. In general terms, there are several 
methods for obtaining these isentropic data including: shock impact, gas-gun 
experiments with subsequent corrections for shock heating effects; ramp wave 
generation on gas-guns with fused silica or PyroCeram®; ring-up experiments on gas-
guns; pillow-impact experiments on gas-guns; diamond anvil cell (DAC) experiments; 
and magnetic compression experiments such as ICE. In support of various 
hydrodynamic code calculations, the overarching goal is to obtain isentropic data with 
an error in stress no larger than 0.2%. This is a formidable challenge. 
As will be shown, only ICE has the capability of generating high stress controlled 
ramps, in a planar configuration, leading to the data of the required accuracy. One 
additional benefit of the ICE experiment is that a complete, continuous, EOS is 
obtained from zero to the peak stress in one experiment. By comparison, dozens or 
hundreds of experiments may be required, obtained point by point, experiment by 
experiment, to obtain a complete shock Hugoniot curve. Each experiment may take 
days to prepare, execute, and analyze. The economic benefits of the single-
experiment isentropic approach are obvious. 
1.3.1 Planar versus non-planar geometries 
The various methods fall into two broad categories of experiment, planar and 
convergent, i.e., cylindrical and spherical [12]. A planar geometry has several 
advantages. It is inherently one-dimensional, so the propagation of the compression 
wave into a sample under test is relatively simple; this improves the accuracy of the 
technique. A cylindrical or spherical geometry is more difficult to analyze because 
• In the absence of viscous effects the material is softer, and therefore it can be compressed to higher 
densities on the isentrope. 
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additional forces due to hoop stresses must be accounted for. While it is possible to 
correct for these hoop stresses the inaccuracies of the correction degrade the accuracy 
of the EOS data. The planar technique also provides ready access to the sample, thus 
allowing a variety of diagnostic techniques to be used, most notably VISAR [13]. As 
a general category, divergent geometries can be dismissed, as the results cannot 
provide the required accuracy; they are briefly reviewed next. 
1.3.2 Diamond-anvil cell (DAC) 
The DAC is an apparatus where the material is slowly (quasi-statically) 
compressed between diamond anvils in a quasi-spherical geometry. While under 
compression, the physical properties of the material are interrogated with a variety of 
diagnostics. The DAC technique dates back to Bridgman and has been used widely 
[14]. In these experiments, the material is subjected to a hydrostatic loading, although 
additional shock loading can be induced by laser-driven shock compression 
techniques [15]. Dimensional changes are typically obtained by measuring the lattice 
dimensions with X-ray diffraction, and stress is measured using methods like the 
spectral shift of fluorescence in ruby [16,17]. Hydrostatic stresses as high as 400 GPa 
have been achieved in the DAC. However, the inaccuracies of measuring stress and 
volume by this method do not lend themselves to the acquisition of the higher 
accuracy EOS data we seek. 
1.3.3 Magnetic loading in a cylindrical geometry 
Magnetic fields in excess of 2 kT (equivalent to magnetic pressures exceeding 
1.6 TPa) have been achieved with the Russian MC-l generator [18], shown in Figure 
1-4. However, up to 1998 these pulsed, high pressure magnetic compression 
experiments had to be performed in cylindrical geometries to obtain the extreme 
fields. The working space of these experiments was just a few millimeters in 
diameter. Consequently, it is difficult to gain diagnostic access to the samples under 
test. 
1.3.4 Gas-gun shock impact experiments 
Gas gun experiments are inherently one-dimensional and fall into two classes: 
symmetric and asymmetric. In the symmetric impact situation, a flyer plate (the flyer) 
of a material is thrown against a static target of the same material. 
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Figure 1-4. Max Fowler inspecting a Russian MC- I generator, June 2003 . 
No a priori knowledge of the malerial properties is required to obtain the shock 
Hugoniot data. In an asymmetric impact experiment, the two materi als are different, 
and the shock properties of only one of them are known. In mos t respects, the 
experiments are the same, and for simplicity, we will only describe the symmetri c 
impact. In both cases, the shocks generated are not isentropic, but isentropic data can 
be calcul ated accurately from the results at low pressures, as will be shown below. 
1.3.4. 1 Symmetric impact 
These are the classic, plane wave, symmetric impact gas-gun experiments where a 
fl yer plate is impacted against a fl at target of the same materia l at a known veloc ity , VI 
[19]. Ass llming that the fl yer plate is not significantly heated by its acceleration , the 
impact launches identical shocks into the fl yer and target. Typically, the shock 
ve locity Us of the compression wave is measured in the target, rather than the flyer; 
Us, together w ith the initia l density Po, and VI are sufficient to calculate the shock 
stress as follows. Cons ider the material in front of the shock to be at an initial stress 
0-0, it fl ows with a particle velocity 110 and it has a density Po; and s imilarly the 
materi al behind the shock front is described by (h 1.11 and PI . From Equation (1.2) we 
re lated the j ump in stress to the change in particle veloci ty and the shock ve locity Us: 
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In a typical experiment, the target material is at rest before impact so that Uo = O. 
Also, for a symmetric impact the final particle velocity, UI, is exactly VJI2 [12], so 
(1.8) 
Again, in typical shock experiments, 0'0 is the prevailing atmospheric pressure 
(-100 kPa) whereas 0'1» 100 MPa, so 0'0 is usually ignored. Vfcan be measured to 
high accuracy (with an error of -0.1 %) and the initial density can be measured with a 
similar accuracy. Therefore, the accuracy of the technique largely depends on the 
accuracy of measuring the wave speed Us. Errors of the order of 1 % or better are 
common, but depend on the stress regime of interest. For example, at stresses greater 
than 1 TPa, the errors may exceed 10% as the shock velocity becomes increasingly 
more difficult to measure, i.e., because it decays rapidly with propagation distance. 
The peak stresses obtained with gas-guns can be as high as several hundred GPa in 
high shock impedances targets like tungsten. 
1.3.5 Isentropefrom gas-gun Hugoniot data (Mie-Griineisen EOS) 
From experiments like the symmetric-impact gas-gun experiments, the shock 
Hugoniot data obtained can be converted to the isentrope using the Mie-Griineisen 
EOS. Essentially Mie-Griineisen is used to calculate the thermal stress in the material 
[20] which adds to the elastic (isentropic) stress. Or putting it another way, from the 
measured Hugoniot stress, 0'h(V) and energy Eh(V) we can derive the stress in any 
other state including the isentrope [21] 
(1.9) 
In the regions of interest for most shock experiments, the Griineisen-gamma (I) is 
approximately independent of temperature and (DV) is approximately independent of 
volume. rmay be independently obtained from the coefficient of thermal expansion 
at constant stress a, the sound speed c, and specific heat at constant volume, Cv [20] 
(1.10) 
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Figure 1-5. a-V relationship for fused silica. 
Comparing these results with those from the ICE experiments shown later, it will 
be seen that the isentrope calculated from the Hugoniot in this way can often be a 
reasonably approximation to the true isentrope at modest stresses, i.e., < 50 GPa. 
However, a direct method of measuring the isentrope is preferable from the standpoint 
of accuracy, especially at high stresses, and we will come back to this with the ICE 
experiments. The derivation of the isentrope from ICE data is considered in more 
detail in Appendix H. 
1.3.6 Ramp wave experiments on gas-guns 
The first reported production of isentropic ramp-wave loading was by Barker and 
Hollenbach [13]. They used fused silica, which has the unusual characteristic of 
negative curvature, over a region of its Hugoniot as shown in Figure 1-5, which allows 
ramps to be developed up to -3 GPa. Later, Asay and Chhabildas [22] produced 
ramps using the same technique with glass materials (e.g., PyroCeram®) up to 
-20 GPa. In both cases the risetimes of the ramps could be controlled by changing the 
sample thicknesses but this technique cannot be applied for the higher stresses sought 
here, i.e., 100 GPa and above. 
1.3.6.1 Ring-up impact experiments 
These are gas-gun experiments where multiple shocks are used to approximate to 
ramp loading. In the ring-up technique, the material under test (the target) is 
sandwiched between higher shock impedance materials so that it approaches the final 
pressure asymptotically in small steps. This is clearly an approximation to isentropic 
loading and the divergence from the true isentrope is difficult to estimate. 
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1.3.6.2 Pillow impactor experiments 
Ramp generation techniques include the so-called "pillow" impactor used in gas-
gun experiments. The impactor has a graded density, which is low at the leading 
impact surface and increases with distance away from that surface, Barker [23]. The 
impact produces a small impact shock, and then the pressure gradually increases with 
distance away from the impact site. 
One major problem with pillow impactors is that discontinuities in the structure of 
the flyer generate small shocks in the stress profile. These shocks are not isentropic so 
the data are said to be "off the isentrope." Also, the initial shock is not isentropic by 
definition, and the magnitude of this shock will grow with distance. The advantage of 
the graded density approach is that no significant discontinuities are developed, but 
the density profile is very hard to control and duplicate from experiment to 
experiment. A layered technique is much easier to control, Nguyen [24], and 
significant advances have been made to reduce the initial shock and improve the 
reproducibility by using layers of different materials of different thicknesses. 
Nevertheless, it is difficult to produce a perfect shock-less ramp compression waves 
with this technique. In all these experiments, it is difficult to estimate the actual 
departure from the isentrope, although it may not always be so significant the 
accuracy is degraded. 
1.4 Isentropic Compression Experiment (ICE) 
A relatively new technique, called the Isentropic Compression Experiment or ICE, 
uses rapidly rising magnetic fields to compress materials to high stresses of the order 
of 100 GPa and above over a few hundred nanoseconds. This work, first reported by 
Asay [25], is performed on the Z-machine (see the next paragraph) at the Sandia 
National Laboratory (SNL) in Albuquerque, NM, USA. Using ICE, the Sandia 
researchers are able to obtain accurate EOS data at large stresses in a planar geometry 
by magnetic loading. 
The Z-machine is a 4-MV Marx bank machine capable of delivering 20 MA into 
an inductive load of a few nH with a risetime of -I DOns.' The machine is on the order 
of 50 m in diameter and occupies a large building at SNL. It is clearly not portable . 
• The Z-machine has since modified been to produce risetimes approaching 500 ns that are better 
suited to ICE. 
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Moreover, being a fixed machine it is limited to a 20-MA output current, which 
ultimately limits the peak magnetic stress that can be attained for an ICE experiment. 
A new machine, dubbed ZR, will replace Z in the 2007 timeframe, and will be capable 
of producing higher currents of the order of 30 MA with better risetime control, 
thereby leading to larger magnetic stresses for ICE. However, being a fixed machine 
it too will be limited to a certain stress range and will not be portable, see Chapter 3. 
Apparently, Asay first applied shock physics diagnostic techniques, such as 
VISAR [13,26], to improve the accuracy of measuring large currents in the Sandia Z-
machine. By measuring the movement of the conductors, they could infer the 
magnitude of the electric currents that flowed in them. Having a background in shock 
physics, Asay and his coworkers quickly realized that the currents were producing 
smooth ramp loading of materials at stresses usually associated with gas-gun 
experiments. Equation of state experiments quickly followed. The value of the 
technique was immediately apparent to the larger shock physics community and the 
frequency of ICE experiments on the Z-machine has grown rapidly since then. The 
Sandia group has extended the technique to obtain isentropic EOS data at stresses as 
high as 240 GPa [27], but the maximum stress the Sandia researchers achieve 
increases almost by the month. 
In the ICE experiment, smoothly rising (shock-free) mechanical compression 
waves are propagated into matched samples of different thicknesses by 
electromagnetic loading in a planar geometry. As will be seen, a complete EOS curve 
is acquired in one experiment, i.e., continuously from zero up to the peak stress. High 
quality isentropic EOS data have now been obtained for many materials including 
aluminum [27], copper [28], tungsten [29], tantalum [30] and high explosives [31]. 
1.4.1 Other machines used/or ICE 
Apart from the Sandia team, several other research laboratories now use the Z-
machine to obtain EOS data on their own materials, and a few groups have been 
developing their own ICE machines. Notably the French have developed a relatively 
small capacitor bank system (GEPI) designed to provide ICE-EOS data up to lOO GPa 
and high velocity flyer plates [32], and the author at the Los Alamos National 
Laboratory (LANL) is developing the HEPP-ICE system, described here. 
As will be shown in Chapter 2, the HEPP-ICE technique is superior to other 
techniques for many reasons in terms of accuracy, sample size, and maximum stress. 
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The high degree of planarity of the stress drive in an HEPP-ICE load, i.e., better than 
1 part in 103 over the majority of the width, makes HEPP-ICE orders of magnitude 
better than other techniques and thus provides the greatest accuracy. Moreover, 
because opposing samples share the same B-field in an HEPP-ICE load, exact B-field 
matching is attained; again giving higher accuracy. In addition, because larger sample 
thicknesses can be accommodated, the timing accuracy is better than for other 
techniques. 
It will be shown that samples as large as 10 mm in thickness and 20 mm across 
can be isentropically loaded to in excess of 2 TPa (20 Mbar) with HEPP-ICE. 
(Sample sizes are important when material grain sizes are large, e.g., significant 
fractions of a millirileter. If the sample thickness is comparable to the grain size then 
local inhomogeneities perturb the EOS data.) No other ICE technique can match this 
combination of sizes and stresses. 
Finally, long duration stress drives, i.e., many microseconds, are required for high 
stress, isentropic equations of state. No other technique can generate ramp loading 
with such long rise times. 
1.4.2 Shock experiments on Z 
Another major development of the ICE work is that of Marcus Knudson, also at 
Sandia, who has used the smooth ramp loading of ICE to project flyer plates at 
velocities up to 34 kmls without breakup. (Still higher velocities may be achieved on 
the ZR machine.) The planarity of these flyer plates is good enough to obtain shock 
Hugoniot data by impact against fixed targets of metals or gases at stresses up to 
-1.3 TPa [33]. These experiments cannot be used for isentropic loading but have 
significantly increased the range of impact experiments beyond that of gas-guns, i.e., 
by an order of magnitude. 
1.4.3 High Explosive Pulsed Power 1CE 
It occurred to this author, after hearing the Asay-presentation [25] and discussing 
it with the author, that it may be feasible to duplicate the ICE experiment with the 
High Explosive Pulsed Power (HEPP) equivalent, i.e., we would replace the Z-
machine with a compact HEPP apparatus. (Coincidentally, David Reisman at the 
Lawrence Livermore National Laboratory (LLNL) also wondered if HEPP could be 
used for ICE and approached our Los Alamos National Laboratory (LANL) HEPP 
15 
Chapter 1 Introduction 
group shortly afterwards. This fortuitous combination of events facilitated an early 
collaboration with LLNL on HEPP-ICE experiments performed at LANL.) 
The original intention was to use HEPP-ICE to reduce the costs of the Z-machine 
based ICE experiments, but it quickly became apparent that the Z-machine (and its 
likely successors) was probably a better platform for ICE from an economic 
standpoint, though not by much. Instead, the potential advantages of HEPP-ICE 
would be its high accuracy, portability, large sample sizes, long durations of stress 
drives, and large maximum stresses. 
1.5 Program goals 
The main goals for theHEPP-ICE program reported here were as follows. 
1.5.1 Viability o/HEPP approach 
The first goal was to demonstrate that it was possible to produce the current 
densities necessary to perform ICE experiments with a compact HEPP system (the 
prototype system). The linear current densities had to be of the order of 
several 100 MAIm with risetimes of -500 ns. These were an order of magnitude 
larger current density and an order of magnitude faster risetime than was typical for 
HEPP systems. 
1.5.2 EOS data quality 
It was also necessary to demonstrate that HEPP-ICE could obtain isentropic EOS 
data of the necessary quality. In fact, the author was able to show that because of the 
way the magnetic field is shared between samples, the high degree of magnetic 
pressure uniformity, and the large sample sizes, the HEPP-ICE technique is 
potentially more accurate than the work done on the Z-machine. It has been shown 
that 99.8%-accuracies of stress data can be obtained with HEPP-ICE. 
1.5.3 High stress designs 
Another goal was to design higher stress systems to extend beyond the range of 
experiments achievable on the Z-machine and its successors. 2-TPa HEPP-ICE 
systems have now been designed. 
All of these challenges were successfully met. 
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1.6 The Author's Contributions to ICE research 
The author was the principal investigator for HEPP-ICE, and as such, managed 
the overall program, designed, coordinated, and supervised the experiments, and 
analyzed the results. The contributions made by the author that are described here 
include the following. 
1.6.1 Invention of the HEPP-/CE system 
The author invented and designed the HEPP-ICE system. 
1.6.2 Demonstration of the HEPP-ICE system 
The author was the first to successfully demonstrate that not only would the 
HEPP-ICE experimental system work, but also it could produce isentropic EOS data 
of the highest accuracy. No other researcher or group, in any country, has been able 
to duplicate this work to date. 
1.6.3 Obstacles overcome 
A series of difficult experimental hurdles were overcome by the author to make 
the HEPP-ICE experimental system successful. In particular, problems with explosive 
closing switch design were identified that led to a new theory of their physical 
operation. That theory was used by the author to accurately predict the switch 
performance and that has subsequently allowed the author to design and demonstrate a 
new polyimide-closing switch. 
1.6.4 Closing switch 
The new closing switch design was tested in HEPP-ICE experiments with great 
success. 
1.6.5 High accuracy data obtained 
Having invented, designed and developed the HEPP-ICE system, 99.8%-accurate 
isentropic EOS data were obtained and published by the author for copper and 
tungsten. 
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1.6.6 Identifications of magnetic drive limitations 
The author identified the physics of the magnetic drive for ICE and determined 
potential errors associated with B-field distribution have been identified for the first 
time. 
1.7 Thesis Organization 
This thesis is organized as follows. 
1.7.1 Chapter 1 
The first chapter, the Introduction, introduces the reader to the subject of 
isentropic equation of state data at high pressures. The basic physics of shock and 
isentropic compression are discussed, and the limitations and differences between the 
two processes are presented. Then the basic experimental techniques needed to obtain 
isentropic data are reviewed and compared. The Isentropic Compression Experiment 
(ICE) is then introduced, including the high explosive pulsed power (HEPP) version 
of ICE, followed by the program goals of the research presented in this document. 
Finally, the contributions made by the author are presented in section 1.6, followed by 
the organization ofthe work (i.e., this section). 
1.7.2 Chapter 2 
Chapter 2 covers the physics of magnetic compression in an ICE load. The 
electromagnetic principles of an ICE experiment are presented, which lead to the 
issues of the uniformity of magnetic loading in an ICE load. The current distribution 
in the load is calculated by two methods: a filamentary current approach and a partial 
differential equation solution. The results show that the parallel plate load of HEPP-
ICE has excellent magnetic field uniformity in comparison to the load of other 
techniques. 
1.7.3 Chapter3 
The circuit design and analysis of HEPP-ICE systems are presented in Chapter 3. 
The chapter opens with the derivation of the ideal current profile in an ICE load that 
will produce isentropic compression to the highest pressure. From this analysis, the 
maximum pressures and sample sizes are predicted for an HEPP-ICE system. Then 
the relationships between the current profiles and the circuit profiles are discussed, 
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and this leads to the calculation of the circuit performance using a SPICE-based 
circuit model. 
1.7.4 Chapters 4 and 5 
Chapter 4 deals with the physical design of the various HEPP-ICE components 
including the opening switch, flux compression generator, stripline, insulation and 
load. This leads to the subject of the explosively driven closing switches, which is 
covered in Chapter 5. 
1.7.5 Chapter 6 
The successful development of the prototype HEPP experimental apparatus is 
described in detail, experiment by experiment, in Chapter 6. 
1.7.6 Chapter 7 
Chapter 7 presents all the isentropic data garnered by the experiments described in 
Chapter 6. The chapter describes and reviews the two fundamental ICE data analysis 
techniques, i.e., the conventional Lagrangian method and the Backward method. 
1.7.7 Chapter 8 
Finally, Chapter 8 summarizes the thesis and describes future work. In addition, 
there are Appendices A to H, which complement the body of information in the eight 
chapters. 
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INTRODUCTION 
Transient, high pressure' isentropic compression experiments have been of great 
interest to both the high magnetic field and the shock physics communities since the 
early 1970s, as reviewed by Fowler [1] and NelIis [2]. For example, various teams 
have sought to metalize liquefied or solidified gasses by shock-free compressiont to 
megabar pressures, both in cylindrical magnetic experiments and planar gas-gun 
experiments [3,4]. 
1.1 The Hugoniot and the Isentrope 
In the shock physics community there is significant interest in the acquisition of 
accurate isentropic Equation of State (EOS) data as opposed to shock (Hugoniot) EOS 
data, i.e., where the Hugoniot data are obtained with shock experiments.' As will be 
seen, Hugoniot data are more readily accessible than isentropic data, and at low 
pressures they are not significantly different to the isentropic data. At moderate 
pressures however, i.e., above a few tens of GPa, the data diverge from each other, but 
isentropic data can still be derived from Hugoniot data with reasonable accuracy using 
corrections based on the Mie-Griineisen EOS. At still higher pressures (in the 
hundreds of GPa) the divergence of the data is large and the Mie-Griineisen EOS 
correction does not provide the necessary accuracy. Moreover, the accuracy of the 
shock Hugoniot data is impaired, principally because the high wave velocities 
associated with the high pressures are more difficult to measure accurately, i.e., 
• There are important differences between the terms "pressure" and "stress" that are most significant 
when we discuss the analysis ofthe ICE data. "Pressure" will be used where the differences are not 
significant, and the two terms will be used where the distinction counts. 
t Shock free compression is required to minimize the temperature rise, as will be seen later. 
t For an introduction to shock physics and its terminology see R. Courant and K.O Friedrichs, 
Supersonic Flow and Shock Waves, Springer·Verlag, 1999. 
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because the measured times of fli ght in samples are very short [5]. (For the purposes 
ofthi study, an inaccuracy in den ity ofless than 1% is sought.) 
Figure 1-1 shows shock Hugoniot data and esti mated isentropic compression data 
for aluminum up to - I PPa (10 Gbar) obta ined by a va riety of techniques including 
gas-gun experiments and nuclear tests ; the figure was adapted from data in reference 
[6]. The isentropic and Hugoniot data appear nea rl y identi ca l below 100 G Pa 
( I Mbar). The blue and pink areas in the figure show the approximate data regimes 
accessible from gas-gun and ICE ex periments. It is shown that the High Ex plos ive 
Pulsed Power-Isentropic Compress ion Experiment technique (HEPP-lCE) described 
in this thesis is capable of reaching 2 to 3 T Pa with advanced H EPP systems [7] , see 
Chapter 3. 
To ill ustrate the di vergence of the Hugoniot from the isentrope, note that when 
a luminum is shock loaded to a compression (the rati o of final density to ambient 
density) of - 4 .8 the final stress is -44 TPa and the final temperature - 100 eV. By 
compari son, when isentropically compressed 4.8 times to the same final density, it is 
estimated that the stress is onl y - 3 TPa and the temperature - 10 eV, see Figure I- I. 
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In other words, the temperature and thermal stress are an order of magnitude larger for 
the shock than for the isentropic compression case. Therefore, the differences 
between Hugoniot and isentropic data are significant at the stresses of interest in this 
study. For a variety of high-pressure physics applications, it is important to obtain 
accurate isentropic EOS data, not to estimate them. Until the advent of ICE these data 
have not been available. 
1.1.1 Limiting compression/or shock and isentropic compression 
As can be seen from Figure 1-1, there is a limit to the density compression that 
can be achieved by shock in aluminum, and this is true of all matter. This is because 
when a material is subjected to a sufficiently strong shock wave, it will be partially or 
completely ionized and thus be converted to plasma. At the extreme, the density 
approaches the ideal gas limit, which is about six times the initial density (i.e., 6po) for 
a diatomic gas [8). 
Isentropic compression does not share this limitation, so extreme states of matter 
(i.e., higher densities) beyond the ideal gas limit can be attained using HEPP-ICE. 
1.2 The shock jump conditions, the shock Hugoniots and the Rayleigh line 
Central to this thesis are the differences between a shock Hugoniot and an 
isentrope. So without further ado, we will invoke the laws of conservation of mass, 
energy and momentum to describe the progress of a shock in a material, derive the 
classic Rankine-Hugoniot equations [9,10), and show how isentropic loading differs to 
shock loading. As the distinction counts in terms of stress wave physics, we will refer 
to stress rather than pressure here. The distinction between stress and pressure is 
discussed in Chapter 7. Note that the equations are commonly derived with the initial 
particle velocity Uo and stress 0"0 taken as zero for a material at rest. Yet for 
considerations of isentropic compression (ramp-wave loading), the complete 
equations are more appropriate because Uo and 0"0 will be finite as we progress along 
the ramp wave. 
Consider an observer sitting on a shock wave traveling at a velocity Us in a 
material from left to right such as that in Figure 1-2. Ahead of the shock wave the 
state of the material is described by its stress 0"0, internal specific energy Eo, density 
po, and particle velocity (mass velocity) uo; behind the shock wave the material is 
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Figure 1-2. A shock wave traveling through a material from left to right. The material to 
the right, ahead ofthe shock wave, is in the initial state "0." 
described by ai, El, Pi> and UI. We assume there is no heat flow and no other source 
of energy. 
First, we calculate the mass flows in two columns of material of cross-sectional 
area A. In a time increment Dot we know the length of a column of material flowing 
towards the observer is L1t (Us - uo) and the mass of that column is A At (Us - uo) po; 
the mass flowing away (on the other side of the shock) must be A Dot (Us - UI) PI. For 
mass to be conserved these are equal so, writing rh as the mass flow per unit cross 
section, per unit time 
(1.1) 
Applying Newton's second law (in the frame of reference of the observer), we 
know that the differential force between the front and back columns must be equal to 
the time rate of change of momentum. The two momenta of the columns are their 
masses times their velocities and the force differential is (al -ao) A = AL1a where L1 
indicates the change in a value. The masses are identical 
(i.e., AM x rh or AM Po (Us - uo» and the rate of change in velocity is (u I - uo) / L1t = 
L1u I L1t so 
This can be written asDoa = rhDou. Finally, to conserve energy the work done by 
the differential forces over a distance must equal the change in kinetic and internal 
energies. Using E for the specific internal energy (i.e., energy per unit mass) in 
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laboratory coordinates, the work done = LI { force x distance } = LI { KE + mass x 
specific internal energy} 
AMx{O",u, -O"ouo} = ALltxm{t(u: -un+E, -Eo} 
We cancel out the ALlt terms, and from Equation (1.1) obtain the following 
equalities, 
O",u, - O"ouo = H (0", + 0"0) Llu + LlO" (u, + uo)} and 
u: -u~ = Llu( u, +uo) 
The energy equation then becomes 
(1.3) 
Writing vo' v, for the specific volumes in (1.1) (reciprocals of densities Po and P1) we 
obtain 
1_2i =-LlV=(U,-UO)= Llu Llu 
Vo Vo U, -uo U, -uo mvo 
so Llu = - mLl v 
And combining with (1.2) 
(l.4) 
That is, Llu = ±-J-LlO".LlV, which is the change in particle velocity across a shock front 
or an infinitesimally small step in stress along a ramp wave. Moreover, (1.3) can be 
rewritten as 
(1.5) 
Equations (1.1), (1.2) and (1.5) are the classic Rankine-Hugoniot equations for the 
jumps in stress, energy and particle velocity across a shock front. To solve the 
equations for the four unknowns of energy, density, stress, and particle velocity we 
need a fourth equation, the so-called EOS of the material, more on that later. 
Figure 1-3 can be used to interpret the meaning of these equations. In stress 
volume (O"V) space we compress the material from point A (vo, 0"0) to B (V1, 0"1) across 
the shock front, i.e., instantaneously. The change of internal energy from Equation 
(1.5) is identical to the area of the polygon ABCDA. 
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1.2.1 Shock Hugoniot and Rayleigh line 
The slope of the line BC, i.e., -( eTI - eTo) / (VI - vo), defines the shock velocity 
because when we eliminate Ul-UO from Equations (1.1) and (1.2) we get 
(1.6) 
The line BC is the Rayleigh line [11] and as such represents the conservation of 
mass and momentum. The Rayleigh line intersects the EOS at C, and C lies on the 
locus of all shock states, the curve through BDEFC and on, that the material will reach 
when shocked from the state (B) to any final stress, cr. This locus is called the shock 
Hugoniot. 
1.2.2 Quasi-isentropic and ramp loading 
What is interesting is to consider shocking the material in a number of small steps 
from B to C, e.g., via points E, F, and G in Figure 1-3, because it helps to explain 
isentropic loading. If we do this, then the total change in internal energy is the total of 
the areas for each segment, and as we increase the number of segments, it is clear that 
the total area approaches the area under the curve ABEFGCDA. This approximates to 
ramp loading. The area under the curve ABEFGCDA is significantly less than that of 
the polygon ABCDA, so we have done less work in compressing the material from B 
to C. This is the basis of the shock ring-up techniques that are reviewed in 1.3.6.1 and 
C 
t 
cr 
I , 
I 
I 
I 
I 
Rayleigh line 
I 
I 
I 
I 
I ~------I----------- ------- B 
O~----D~l--------------------A~ V1 V- Vo 
Figure 1-3. a-V relationship for a typical metal, and the Rayleigh line. The dashed line 
represents a quasi-isentropic loading from B to C via E, F, and G. 
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the continuous ramp wave loading provided by the ICE technique. 
The difference in energy between the two paths from B to C causes materials to 
become hotter when shock-loaded than they do when isentropically compressed to the 
same density, as shown in. Consequently, at high stresses, the material properties 
may be dramatically different, e.g., the material could melt when shocked but stay 
solid otherwise, and the thermal energy can significantly add to the total stress in the 
material. (For further details of the thermal stress, see the section "Isentrope from 
gas-gun Hugoniot data (Mie-Griineisen EOS)") 
As will be seen in Figure 1-1, at stresses less than a few tens of GPa in solid 
metals, the isentrope and Hugoniot are almost indistinguishable. Consequently, multi-
step shocking from B to C can be considered nearly isentropic (i.e., quasi-isentropic), 
and at low stresses, even single-step shocking may be quasi-isentropic. 
1.2.3 Viscoelastic effects and shocks 
At higher stresses the shock Hugoniot and isentrope diverge, and this can be 
explained in terms of viscoeIastic effects. Recall that from the first and second laws 
of thermodynamics 
dE = Tds -adV (1.7) 
Here E is the energy, T the temperature, s the entropy, a the stress, and V the 
volume. For an isentrope then, dE = -adV. The jumps in stress, particle velocity, and 
hence strain, across a shock front are fast. A shock front may rise in times of the order 
of a nanosecond, and consequently it is typically associated with strain rates of the 
order of 107s·1 and above. For example, a plane shock in copper from atmospheric 
pressure to a stress of 100 GPa compresses it from a density of 8930 kg/m3 to 
12158 kg/m3, i.e., the strain is -26.5%, and a I-ns risetime would correspond to a 
strain rate of -2.65x 108s·l . 
At low strain rates, the metals exhibit a purely elastic behavior so that the adV 
work done by compression (or extension) is recovered elastically on release. At 
higher strain rates the viscous forces become significant and the entropy changes. 
Then additional energy (Tds) is expended in compressing the material, and this is not 
recovered on release. In other words, metal compression cannot be isentropic at high 
strain rates. Returning to ramp loading, by extending the rise time of the compression 
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the strain rate is reduced and elastic behavior and hence isentropic loading is attained. 
Risetimes of the order of 500 ns are commonly obtained with HEPP-ICE. Ramp-
loading loading to 100 GPa compresses the volume of copper by -27.5%' so the strain 
rate is -5.5xl05 s-1, which is almost three orders of magnitude lower than for as shock, 
and at such a low strain rate the compression is close to isentropic. 
1.3 Review of candidate methods for obtaining accurate is en tropic data 
Isentropic EOS data are important to the nuclear weapons community and these 
data have been sought by a variety of means. In general terms, there are several 
methods for obtaining these isentropic data including: shock impact, gas-gun 
experiments with subsequent corrections for shock heating effects; ramp wave 
generation on gas-guns with fused silica or PyroCeram®; ring-up experiments on gas-
guns; pillow-impact experiments on gas-guns; diamond anvil cell (DAC) experiments; 
and magnetic compression experiments such as ICE. In support of various 
hydrodynamic code calculations, the overarching goal is to obtain isentropic data with 
an error in stress no larger than 0.2%. This is a formidable challenge. 
As will be shown, only ICE has the capability of generating high stress controlled 
ramps, in a planar configuration, leading to the data of the required accuracy. One 
additional benefit of the ICE experiment is that a complete, continuous, EOS is 
obtained from zero to the peak stress in one experiment. By comparison, dozens or 
hundreds of experiments may be required, obtained point by point, experiment by 
experiment, to obtain a complete shock Hugoniot curve. Each experiment may take 
days to prepare, execute, and analyze. The economic benefits of the single-
experiment isentropic approach are obvious. 
1.3.1 Planar versus non-planar geometries 
The various methods fall into two broad categories of experiment, planar and 
convergent, i.e., cylindrical and spherical [12]. A planar geometry has several 
advantages. It is inherently one-dimensional, so the propagation of the compression 
wave into a sample under test is relatively simple; this improves the accuracy of the 
technique. A cylindrical or spherical geometry is more difficult to analyze because 
• In the absence of viscous effects the material is softer, and therefore it can be compressed to higher 
densities on the isentrope. 
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additional forces due to hoop stresses must be accounted for. While it is possible to 
correct for these hoop stresses the inaccuracies of the correction degrade the accuracy 
of the EOS data. The planar technique also provides ready access to the sample, thus 
allowing a variety of diagnostic techniques to be used, most notably VISAR [13]. As 
a general category, divergent geometries can be dismissed, as the results cannot 
provide the required accuracy; they are briefly reviewed next. 
1.3.2 Diamond-anvil cell (DAC) 
The DAC is an apparatus where the material is slowly (quasi-statically) 
compressed between diamond anvils in a quasi-spherical geometry. While under 
compression, the physical properties of the material are interrogated with a variety of 
diagnostics. The DAC technique dates back to Bridgman and has been used widely 
[14]. In these experiments, the material is subjected to a hydrostatic loading, although 
additional shock loading can be induced by laser-driven shock compression 
techniques [15]. Dimensional changes are typically obtained by measuring the lattice 
dimensions with X-ray diffraction, and stress is measured using methods like the 
spectral shift of fluorescence in ruby [16,17]. Hydrostatic stresses as high as 400 GPa 
have been achieved in the DAC. However, the inaccuracies of measuring stress and 
volume by this method do not lend themselves to the acquisition of the higher 
accuracy EOS data we seek. 
1.3.3 Magnetic loading in a cylindrical geometry 
Magnetic fields in excess of 2 kT (equivalent to magnetic pressures exceeding 
1.6 TPa) have been achieved with the Russian MC-I generator [18], shown in Figure 
1-4. However, up to 1998 these pulsed, high pressure magnetic compression 
experiments had to be performed in cylindrical geometries to obtain the extreme 
fields. The working space of these experiments was just a few millimeters in 
diameter. Consequently, it is difficult to gain diagnostic access to the samples under 
test. 
1.3.4 Gas-gun shock impact experiments 
Gas gun experiments are inherently one-dimensional and fall into two classes: 
symmetric and asymmetric. In the symmetric impact situation, a flyer plate (the flyer) 
of a material is thrown against a static target of the same material. 
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Figurc 1-4. Max Fowler inspecting a Russian MC-I generator, June 2003 . 
No a priori know ledge of the material properties is required to obtain the shock 
Hugoniot da ta. In an asymmetri c impact experiment, the two materi a ls are different, 
and the shock properti es of onl y one of them are known. In most respects, the 
experiments are the same, and for simplicity, we will onl y describe the symmetri c 
impact. In both cases, the shocks generated are not isenh'opic, but isentropic data can 
be ca lcul ated accurately from the results at low pressures, as will be shown below. 
1.3.4 .1 Symmetri c impact 
T hese are the c lassic, plane wave, symmetri c impact gas-gun experiments where a 
fl yer plate is impacted against a fl at target of the same materia l at a known ve loc ity, VI 
[19] . Assuming that the fl yer plate is not significantly heated by its acceleration, the 
impact launches identi ca l shocks into the fl yer and target. Typica ll y, the shock 
veloc ity Us o f the compression wave is measured in the target, rather than the fl yer; 
Us, together with the initial density Po. and VI are suffi cient to ca lculate the shock 
stress as follows. Consider the materi al in front o f the shock to be at an initia l stress 
eTa, it fl ows with a particle ve locity Uo and it has a density Po; and similarl y the 
materi al behind the shock front is described by eT,. U, and PI. From Equation ( 1.2) we 
re lated the jump in stress to the change in parti cle ve locity and the shock ve locity Us: 
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In a typical experiment, the target material is at rest before impact so that Uo = O. 
Also, for a symmetric impact the final particle velocity, u], is exactly Vjl2 [12], so 
(1.8) 
Again, in typical shock experiments, 0"0 is the prevailing atmospheric pressure 
(-100 kPa) whereas 0"] » 1 00 MPa, so 0"0 is usually ignored. VI can be measured to 
high accuracy (with an error of -0.1 %) and the initial density can be measured with a 
similar accuracy. Therefore, the accuracy of the technique largely depends on the 
accuracy of measuring the wave speed Us. Errors of the order of I % or better are 
common, but depend on the stress regime of interest. For example, at stresses greater 
than I TPa, the errors may exceed 10% as the shock velocity becomes increasingly 
more difficult to measure, i.e., because it decays rapidly with propagation distance. 
The peak stresses obtained with gas-guns can be as high as several hundred OPa in 
high shock impedances targets like tungsten. 
1.3.5 Isentropefrom gas-gun Hugoniot data (Mie-Grnneisen EaS) 
From experiments like the symmetric-impact gas-gun experiments, the shock 
Hugoniot data obtained can be converted to the isentrope using the Mie-Griineisen 
EOS. Essentially Mie-Oriineisen is used to calculate the thermal stress in the material 
[20] which adds to the elastic (isentropic) stress. Or putting it another way, from the 
measured Hugoniot stress, m(V) and energy Eh(V) we can derive the stress in any 
other state including the isentrope [21] 
(1.9) 
In the regions of interest for most shock experiments, the Oriineisen-gamma (1) is 
approximately independent of temperature and (r/V) is approximately independent of 
volume. rmay be independently obtained from the coefficient of thermal expansion 
at constant stress a, the sound speed c, and specific heat at constant volume, Cv [20] 
(1.10) 
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Figure 1-5. a-V relationship for fused silica. 
Comparing these results with those from the ICE experiments shown later, it will 
be seen that the isentrope calculated from the Hugoniot in this way can often be a 
reasonably approximation to the true isentrope at modest stresses, i.e., < 50 GPa. 
However, a direct method of measuring the isentrope is preferable from the standpoint 
of accuracy, especially at high stresses, and we will come back to this with the ICE 
experiments. The derivation of the isentrope from ICE data is considered in more 
detail in Appendix H. 
1.3.6 Ramp wave experiments on gas-guns 
The first reported production of isentropic ramp-wave loading was by Barker and 
Hollenbach [13]. They used fused silica, which has the unusual characteristic of 
negative curvature, over a region of its Hugoniot as shown in Figure 1-5, which allows 
ramps to be developed up to -3 GPa. Later, Asay and Chhabildas [22] produced 
ramps using the same technique with glass materials (e.g., PyroCeram®) up to 
-20 GPa. In both cases the risetimes of the ramps could be controlled by changing the 
sample thicknesses but this technique cannot be applied for the higher stresses sought 
here, i.e., 100 GPa and above. 
1.3.6.1 Ring-up impact experiments 
These are gas-gun experiments where multiple shocks are used to approximate to 
ramp loading. In the ring-up technique, the material under test (the target) is 
sandwiched between higher shock impedance materials so that it approaches the final 
pressure asymptotically in small steps. This is clearly an approximation to isentropic 
loading and the divergence from the true isentrope is difficult to estimate. 
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1.3.6.2 Pillow impactor experiments 
Ramp generation techniques include the so-called "pillow" impactor used in gas-
gun experiments. The impactor has a graded density, which is low at the leading 
impact surface and increases with distance away from that surface, Barker [23]. The 
impact produces a small impact shock, and then the pressure gradually increases with 
distance away from the impact site. 
One major problem with pillow impactors is that discontinuities in the structure of 
the flyer generate small shocks in the stress profile. These shocks are not isentropic so 
the data are said to be "off the isentrope." Also, the initial shock is not isentropic by 
definition, and the magnitude of this shock will grow with distance. The advantage of 
the graded density approach is that no significant discontinuities are developed, but 
the density profile is very hard to control and duplicate from experiment to 
experiment. A layered technique is much easier to control, Nguyen [24], and 
significant advances have been made to reduce the initial shock and improve the 
reproducibility by using layers of different materials of different thicknesses. 
Nevertheless, it is difficult to produce a perfect shock-less ramp compression waves 
with this technique. In all these experiments, it is difficult to estimate the actual 
departure from the isentrope, although it may not always be so significant the 
accuracy is degraded. 
1.4 Isentropic Compression Experiment (ICE) 
A relatively new technique, called the Isentropic Compression Experiment or ICE, 
uses rapidly rising magnetic fields to compress materials to high stresses of the order 
of 100 GPa and above over a few hundred nanoseconds. This work, first reported by 
Asay [25], is performed on the Z-machine (see the next paragraph) at the Sandia 
National Laboratory (SNL) in Albuquerque, NM, USA. Using ICE, the Sandia 
researchers are able to obtain accurate EOS data at large stresses in a planar geometry 
by magnetic loading. 
The Z-machine is a 4-MV Marx bank machine capable of delivering 20 MA into 
an inductive load of a few nH with a risetime of -lOOns.' The machine is on the order 
of 50 m in diameter and occupies a large building at SNL. It is clearly not portable . 
• The Z-machine has since modified been to produce risetimes approaching 500 ns that are better 
suited to ICE. 
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Moreover, being a fixed machine it is limited to a 20-MA output current, which 
ultimately limits the peak magnetic stress that can be attained for an ICE experiment. 
A new machine, dubbed ZR, will replace Z in the 2007 timeframe, and will be capable 
of producing higher currents of the order of 30 MA with better risetime control, 
thereby leading to larger magnetic stresses for ICE. However, being a fixed machine 
it too will be limited to a certain stress range and will not be portable, see Chapter 3. 
Apparently, Asay first applied shock physics diagnostic techniques, such as 
VISAR [13,26], to improve the accuracy of measuring large currents in the Sandia Z-
machine. By measuring the movement of the conductors, they could infer the 
magnitude of the electric currents that flowed in them. Having a background in shock 
physics, Asay and his coworkers quickly realized that the currents were producing 
smooth ramp loading of materials at stresses usually associated with gas-gun 
experiments. Equation of state experiments quickly followed. The value of the 
technique was immediately apparent to the larger shock physics community and the 
frequency of ICE experiments on the Z-machine has grown rapidly since then. The 
Sandia group has extended the technique to obtain isentropic EOS data at stresses as 
high as 240 GPa [27], but the maximum stress the Sandia researchers achieve 
increases almost by the month. 
In the ICE experiment, smoothly rising (shock-free) mechanical compression 
waves are propagated into matched samples of different thicknesses by 
electromagnetic loading in a planar geometry. As will be seen, a complete EOS curve 
is acquired in one experiment, i.e., continuously from zero up to the peak stress. High 
quality isentropic EOS data have now been obtained for many materials including 
aluminum [27], copper [28], tungsten [29], tantalum [30] and high explosives [31]. 
1.4.1 Other machines used/or ICE 
Apart from the Sandia team, several other research laboratories now use the Z-
machine to obtain EOS data on their own materials, and a few groups have been 
developing their own ICE machines. Notably the French have developed a relatively 
small capacitor bank system (GEPI) designed to provide ICE-EOS data up to 100 GPa 
and high velocity flyer plates [32], and the author at the Los Alamos National 
Laboratory (LANL) is developing the HEPP-ICE system, described here. 
As will be shown in Chapter 2, the HEPP-ICE technique is superior to other 
techniques for many reasons in terms of accuracy, sample size, and maximum stress. 
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The high degree ofplanarity of the stress drive in an HEPP-ICE load, i.e., better than 
I part in 103 over the majority of the width, makes HEPP-ICE orders of magnitude 
better than other techniques and thus provides the greatest accuracy. Moreover, 
because opposing samples share the same B-field in an HEPP-ICE load, exact B-field 
matching is attained; again giving higher accuracy. In addition, because larger sample 
thicknesses can be accommodated, the timing accuracy is better than for other 
techniques. 
It will be shown that samples as large as 10 mm in thickness and 20 mm across 
can be isentropically loaded to in excess of 2 TPa (20 Mbar) with HEPP-ICE. 
(Sample sizes are important when material grain sizes are large, e.g., significant 
. fractions of a millimeter. If the sample thickness is comparable to the grain size then 
local inhomogeneities perturb the EOS data.) No other ICE technique can match this 
combination of sizes and stresses. 
Finally, long duration stress drives, i.e., many microseconds, are required for high 
stress, isentropic equations of state. No other technique can generate ramp loading 
with such long rise times. 
1.4.2 Shock experiments on Z 
Another major development of the ICE work is that of Marcus Knudson, also at 
Sandia, who has used the smooth ramp loading of ICE to project flyer plates at 
velocities up to 34 km/s without breakup. (Still higher velocities may be achieved on 
the ZR machine.) The planarity of these flyer plates is good enough to obtain shock 
Hugoniot data by impact against fixed targets of metals or gases at stresses up to 
-1.3 TPa [33]. These experiments cannot be used for isentropic loading but have 
significantly increased the range of impact experiments beyond that of gas-guns, i.e., 
by an order of magnitude. 
1.4.3 High Explosive Pulsed Power ICE 
It occurred to this author, after hearing the Asay-presentation [25] and discussing 
it with the author, that it may be feasible to duplicate the ICE experiment with the 
High Explosive Pulsed Power (HEPP) equivalent, i.e., we would replace the Z-
machine with a compact HEPP apparatus. (Coincidentally, David Reisman at the 
Lawrence Liverrnore National Laboratory (LLNL) also wondered if HEPP could be 
used for ICE and approached our Los Alamos National Laboratory (LANL) HEPP 
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group shortly afterwards. This fortuitous combination of events facilitated an early 
collaboration with LLNL on HEPP-ICE experiments performed at LANL.) 
The original intention was to use HEPP-ICE to reduce the costs of the Z-machine 
based ICE experiments, but it quickly became apparent that the Z-machine (and its 
likely successors) was probably a better platform for ICE from an economic 
standpoint, though not by much. Instead, the potential advantages of HEPP-ICE 
would be its high accuracy, portability, large sample sizes, long durations of stress 
drives, and large maximum stresses. 
1.5 Program goals 
The main goals for the HEPP-ICE program reported here were as follows. 
1.5.1 Viability of HEPP approach 
The first goal was to demonstrate that it was possible to produce the current 
densities necessary to perform ICE experiments with a compact HEPP system (the 
prototype system). The linear current densities had to be of the order of 
several 100 MAIm with risetimes of -500 ns. These were an order of magnitude 
larger current density and an order of magnitude faster risetime than was typical for 
HEPP systems. 
1.5.2 EOS data quality 
It was also necessary to demonstrate that HEPP-ICE could obtain isentropic EOS 
data of the necessary quality. In fact, the author was able to show that because of the 
way the magnetic field is shared between samples, the high degree of magnetic 
pressure uniformity, and the large sample sizes, the HEPP-ICE technique is 
potentially more accurate than the work done on the Z-machine. It has been shown 
that 99.8%-accuracies of stress data can be obtained with HEPP-ICE. 
1.5.3 High stress designs 
Another goal was to design higher stress systems to extend beyond the range of 
experiments achievable on the Z-machine and its successors. 2-TPa HEPP-ICE 
systems have now been designed. 
All of these challenges were successfully met. 
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1.6 The Author's Contributions to ICE research 
The author was the principal investigator for HEPP-ICE, and as such, managed 
the overall program, designed, coordinated, and supervised the experiments, and 
analyzed the results. The contributions made by the author that are described here 
include the following. 
1.6.1 Invention of the HEPP-ICE system 
The author invented and designed the HEPP-ICE system. 
1.6.2 Demonstration of the HEPP-ICE system 
The author was the first to successfully demonstrate that not only would the 
HEPP-ICE experimental system work, but also it could produce isentropic EOS data 
of the highest accuracy. No other researcher or group, in any country, has been able 
to duplicate this work to date. 
1.6.3 Obstacles overcome 
A series of difficult experimental hurdles were overcome by the author to make 
the HEPP-ICE experimental system successful. In particular, problems with explosive 
closing switch design were identified that led to a new theory of their physical 
operation. That theory was used by the author to accurately predict the switch 
performance and that has subsequently allowed the author to design and demonstrate a 
new polyimide-closing switch. 
1.6.4 Closing switch 
The new closing switch design was tested in HEPP-ICE experiments with great 
success. 
1.6.5 High accuracy data obtained 
Having invented, designed and developed the HEPP-ICE system, 99.8%-accurate 
isentropic EOS data were obtained and published by the author for copper and 
tungsten. 
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1.6.6 Identifications of magnetic drive limitations 
The author identified the physics of the magnetic drive for ICE and determined 
potential errors associated with B-field distribution have been identified for the first 
time. 
1.7 Thesis Organization 
This thesis is organized as follows. 
1.7.1 Chapter 1 
The first chapter, the Introduction, introduces the reader to the subject of 
isentropic equation of state data at high pressures. The basic physics of shock and 
isentropic compression are discussed, and the limitations and differences between the 
two processes are presented. Then the basic experimental techniques needed to obtain 
isentropic data are reviewed and compared. The Isentropic Compression Experiment 
(ICE) is then introduced, including the high explosive pulsed power (HEPP) version 
of ICE, followed by the program goals of the research presented in this document. 
Finally, the contributions made by the author are presented in section 1.6, followed by 
the organization ofthe work (i.e., this section). 
1.7.2 Chapter 2 
Chapter 2 covers the physics of magnetic compression in an ICE load. The 
electromagnetic principles of an ICE experiment are presented, which lead to the 
issues of the uniformity of magnetic loading in an ICE load. The current distribution 
in the load is calculated by two methods: a filamentary current approach and a partial 
differential equation solution. The results show that the parallel plate load of HEPP-
ICE has excellent magnetic field uniformity in comparison to the load of other 
techniques. 
1.7.3 Chapter3 
The circuit design and analysis of HEPP-ICE systems are presented in Chapter 3. 
The chapter opens with the derivation of the ideal current profile in an ICE load that 
will produce isentropic compression to the highest pressure. From this analysis, the 
maximum pressures and sample sizes are predicted for an HEPP-ICE system. Then 
the relationships between the current profiles and the circuit profiles are discussed, 
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and this leads to the calculation of the circuit perfonnance using a SPICE-based 
circuit model. 
1.7.4 Chapters 4 and 5 
Chapter 4 deals with the physical design of the various HEPP-ICE components 
including the opening switch, flux compression generator, stripline, insulation and 
load. This leads to the subject of the explosively driven closing switches, which is 
covered in Chapter 5. 
1.7.5 Chapter 6 
The successful development of the prototype HEPP experimental apparatus is 
described in detail, experiment by experiment, in Chapter 6. 
1.7.6 Chapter 7 
Chapter 7 presents all the isentropic data garnered by the experiments described in 
Chapter 6. The chapter describes and reviews the two fundamental ICE data analysis 
techniques, i.e., the conventional Lagrangian method and the Backward method. 
1.7.7 Chapter 8 
Finally, Chapter 8 summarizes the thesis and describes future work. In addition, 
there are Appendices A to H, which complement the body of infonnation in the eight 
chapters. 
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TWO 
PHYSICS OF MAGNETIC COMPRESSION IN AN HEPP-
ICE LOAD 
2.1 Electromagnetic principles of ICE 
The basic compress ion mechanism for ICE is the isentropic magnetic loading of 
two or more identical samples of different thicknesses, s ituated on the rear surfaces of 
a pair of parall e l conductors, the tota l configuration is ca lled the load. These samples 
may be separate from the conductors or, in the case of HEPP-ICE, may sometimes be 
integrated into the conductors as one solid piece, if the samples are good conductors. 
·------w·-----
Figure 2- 1. The ICE load section. B-forces 
between conductors apply isentropic pressurc 
to two samplcs. Crosses and dots indicatc 
eUITcnt now. The separation hand thc 
clectrodc thickncsses have been exaggerated 
for clari ty . 
h 
In the HEPP-ICE experiment 
the load comprises a pair of parall el 
conductors 111 a strip line 
con fi guration, see Figure 2- 1. The 
ICE configuration on the Z-
machine is a pa ll· of coaxial 
conductors with a rectangular 
cross-section. The basic physics of 
the two confi gurations are identica l, 
but as wi 11 be seen later, there are 
some subtleti es in the differences of 
the CUITent fl ow 111 the two 
configurations that affect the 
accuracy of the techniques. I t is 
shown in section 2. 10 that the 8- fie ld di stribution of a para ll el plate configuration, fo r 
example the HEPP-ICE load, is superi or to the rectangular load configuration of the 
Z-machine, leading to greater accuracy. 
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Consider two equal and opposing currents (l) flowing in two flat and parallel 
conductors of equal width (W) and separated by a small distance (h). The magnetic 
stresses (B-forces) on the inside surfaces are given by the vector product PB = J x B, 
where J is the linear current per unit width vector, and B the magnetic field vector. In 
the simplest case, when W> > h, J is uniform, equal and opposite in the electrodes, 
then the magnitude of the magnetic field on the inside surface of one conductor due 
the current in the opposing surface is 'hjJo J. * The magnitude of the stress normal to 
the inside surfaces becomes PB = J x B =.!. jJoJ 2 • If J = 109 Aim for example, then 2 
PB = 2001t GPa (6.28 Mbar). If the time of application of these currents is short, 
compared to the time it takes a compression wave to traverse the conductor and back 
again, then high pressures can be reached before the conductors have time to be torn 
apart. In the ICE experiments, the current risetimes are typically -300 to 600 ns, 
although longer risetimes will ultimately be used in HEPP-ICE, see Chapter 3. 
The HEPP-ICE load design is similar to that shown in Figure 2-2. To minimize 
inductance between the HEPP power source and the load, the electrodes are tapered 
from a width of -30 cm (on the left hand edge of the figure) to 1 or 2 cm between the 
main stripIine and the load. Further details will be given later. For ease of handling 
the load section, it is divided into two parts, a bottom brass section (on the left of the 
figure) and the top load section where the samples are located. The two are connected 
by a current joint or nibbed section. These have been found by experience to 
minimize contact resistance effects between the two parts. (The current nibs are steps 
above the surface of the conductor, and are of the order of 1 mm above the surface and 
5 mm wide. When pressure is applied to the nibs, they bite into the surface of the 
other conductor, thus penetrating the oxide layers. The exact dimensions depend on 
the current density and metal used; see Chapter 4. Nonetheless, these contacts do 
introduce some losses.) 
• 1'0 = penneability of free space = 4" x 1O"N/Amp' or HIm. All fonnulae are in SI units, 
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Top View 
V 
I 
S 
A 
R 
Figure 2-2. Top and side views of load assembl y. Electrodes of - 30 cm width arc tapered 
down to a width of I or 2 cm in the load region. 
Ln rea lity, the magneti c fields are not uniform across the width of the HEPP-ICE 
load, especiall y when the current densities are uniform. It will be seen later that it is 
actua lly fortunate that the current densities in the conductors are not uniform. This is 
due to several factors including: transient effects that occm when the total current 
changes with time, especially when CUITent fl ow starts; the geometry of the 
conductors; and the sk in effect. These effects combine to produce an extremely flat 
pressure di stribution in the HEPP-ICE load, see 2. 12.2. 
2.2 Departures fro m uniform sample load ing 
Referring back to Fig ure 2-1, as the B-forces are sustained (and the stresses 
greatly exceed the material strength) the inside surfaces are forced apart, the ratio of 
the separation to the width , hl W, increases and the W» h condition is eventuall y 
violated. Then the B-field, current density, and B-forces become di storted (non-
unifOlTIl), even when the current density is uniform across the w idth . Moreover, the 
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current density will become non-uniform because of the effects of transient currents 
and geometric considerations. These issues are discussed next. 
2.3 Uniform initial current density 
It is informative to simplify the analysis of the B-fields in the plates by first 
considering uniform linear current densities in two thin sheets; this allows us to derive 
analytic solutions. We will consider the actual current distributions later and compare 
them to these solutions. (Later, it will be shown that transient effects cause higher 
concentrations of currents at the inside corners of the electrodes, but the current 
distribution along the central inner surfaces of the electrodes remains very flat.) It is 
assumed that the surfaces are initially flat and parallel and of infinite length in the z-
direction and, using Cartesian coordinates, all currents flow in the z-direction, i.e., into 
the paper in Figure 2-3. 
,ra' 
, 
, 
, 
, 
, 
, 
The vector of the B-field 
parallel to the surface of the 
top sheet is B\(x), where x is 
the distance from the center of 
the sheet AA' parallel to its 
surface. We will now derive 
P the magnetic field due to the 
linear, uniform current density 
Figure 2-3. Diagram showing the direction of distance J2 in the opposite sheet. 
vector r and magnetic field B relative to two thin sheets, 
of width W, carrying equal and opposite uniform current To obtain the total B-field, 
distributions. the current flow in the 
opposite sheet is divided into the sum of tiny parallel filaments, each carrying a 
current Jdx, where J is the linear current density, and dx is an increment along the 
plate in the x direction, parallel to the plate. Using the Biot-Savart law, we know that 
the magnetic field from each filament is that of a current J.dx flowing in a long 
straight wire, i.e., dB 110 J.~xr . Jdx x r is the vector cross product of the current 
2" r 
flowing in a filament with the distance vector r, where r is measured from each 
filament across the width of the bottom conductor to a point, v = x on the top surface. 
The Biot-Savart law may also be used to calculate the magnetic pressure, which is 
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In Cartesian coordinates the x, y, and z-directions have the corresponding unit 
vectors i, j, and k, and the cross-product reduces to the integral of each current 
filament throughout the volume, that is as if each filament was a long wire at a 
distance r from a point on the inside surface of the top conductor, Since we define the 
current as only flowing in the z-direction, the cross product can be simplified thus 
(note that Jx. Jz and rz are identically zero) 
i j k 
Jxr= X X, J, =i(-J,ry)+j(J,r.)+k(O) 
rx ry X 
Now since rx = Irl sin 8 and ry = Irl cos 8, the B-field at any position x on the top 
sheet, Bt(x}, can be defined in terms of the current in the bottom sheet, h The field 
becomes the integral of PoJ, (-i cos 11 + j sin 8) all across the bottom sheet, where 8 is 
211:r 
the angle subtended by the unit vector to the perpendicular between the conductors 
(Figure 2-3); the sine and cosine are equated to the positions by trigonometry and we 
have 
J w/' 'h '( ) B () = Po, f -I + J v-x d I,' X , "v 211: -w/, h +(v-x) 
[ 
W W 1 (W)" . J --x -+x. J 2+ x +h 
= -IPo , atan 2 + atan 2 _ JPo , In (2.1) 
211: h h 411: (W )' , 
--x +h 
2 
The terms ra, ra' and rP that were used to simplify (2.1) are the distances of the 
point P in Figure 2-3 from A and A', and the angle APA' in radians, Similarly, the B-
fields induced on the top sheet AA' from the currents in the same sheet are obtained 
by setting ry to zero, so all the magnetic fields are in the y direction 
J w/' • J (x_W/J B (x) = Po I f _J_dv=jPO Iln /2 
1,1 2 2 W/ 11: -w/, v-x 11: x+ /2 
(2,2) 
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For a pair of sheets carrying equal and opposite currents, J} = -J2 = J, and the total 
field in the x and y-directions on the top sheet is 
B flOJ[o", 01 ra x-~: =-- 1",+ J n 
2" ra' x+ W 
2 
(2.3) 
Because the current density is uniform, the magnetic pressure is described by 
JxB, where J is constant, which from Equation (2.3) becomes 
(2.4) 
This solution has been has been plotted in Figure 2-4 where the vector pressures -
Px and Py have been normalized by dividing them by Yz po,f, From (2.3) and the 
figure it can be seen that as Wlh becomes very large, rP tends towards 11, and the B-
field in the x -direction becomes PoJ lim {rP} ~ floJ , all the way to just before the 
2" ,p-M 2 
corners (where WI2 ± x = 0). Likewise, the pressure field in the y-direction tends to 
Yz p()f, 
Similarly, the field in the x-direction is identically zero when W > > h, everywhere 
up to the corners, Therefore, the total field would be uniform across the width. As 
hlW increases, B and hence the magnetic pressure P become non-uniform; in 
particular, B(y) is higher in the center (at x=0) and lower at the edges, The effect of 
this non-uniform magnetic pressure (if the B-field is stronger than the strength of the 
electrodes) is to bow the electrodes, which in turn causes the magnetic fields to 
become more distorted, 
The mean B-field across the electrodes in the y-direction is found by integrating 
the j component of Equation (2.3) across the width x and dividing by W. As will be 
seen in Chapter 3, it is close to the field at the position x = W/3. This was originally 
used for prediction of the magnetic pressure, and hence the load separation with time 
in the circuit models; see "SPICE model ofload" in Chapter 3. However, because of 
non-uniform current density effects, described below, the B-field distribution was 
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Figure 2-4. Plot of Equati on (2.3) showi ng the normali zed magnetic pressures for a 
uniform currcnt density J . Px (dashed li nes) are the negative pressures parallel to the 
electrode and Py (solid lines) are the pressures normal to it. The data are plotted from 
the center (X/W = 0) out to the edge (xfW = 1/2) for various ratios ofh/W. 
0.5 
found to be much flatter than that of the corresponding uni form current dis tTibution 
(for once nature worked in our favor) . 
2.4 Non-uniform initial current density 
In rea li ty, for elech·odes with a finite separati on, the initi al current dens ities are 
never uniform. This is because when current starts to fl ow in the e lectTodes it has a 
fin ite risetime. Typica lly in an ICE load, the initi al dlldt would be of the order of 
lOT Ns over a period of - 500 ns and the equi valent freq uency of the rising current is 
around - 300 kHz. Under these conditions, the dlldt flow in the parallel plates 
generates a vo ltage (L dlldt) that opposes cu rrent fl ow in the load. However, the 
inductance is not un iforml y distributed across the surface of the plates because of the 
geometry; the mutua l inductance of a fil ament at the edge with the opposite plate is 
less than for a filament in the center of the plate. Consequently, current initi a ll y 
prefers to flow a long the edges of the conductors. 
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In the fo llowing sections, the non-uniform current di stri butions are ca lcul ated by 
two me thods, the finite e lement method evaluated with a mathematica l eva luati on 
package (Mathcad), and the partia l di fferential equation (POE) so lution of the fie lds 
obta ined with a POE so lver (F1ex PDE). 
2.5 Calculation of initial current di st ribution in an HEPP-IC E load by the 
finite clement (filam ent) method 
The preference for eUITent to flow along the edges is demonstrated by calcul ati ng 
the distri bution of ClllTents in a pai r of parall e l plates, of HEPP-ICE dimensions, at the 
start of current fl ow. At the very beginn ing there is zero current fl ow , so resistance 
has no effect, i.e., IR = 0 throughout. The only volt ages present are due to the product 
o f the di st ri buted inductances and the rates of change of currents, dlldt. We can 
therefore model the problem as a pair of para ll el plates w ith zero resistance but finite 
inductance. 
Consider the two para ll el conductors in Figure 2-5 which ha ve been d ivided into 
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Figu rc 2-5. Subd ivision of thc two rectangular conductors into fi laments. 
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M x N columns and rows of smaller conductors (fi laments) on the top and P x Q on 
the bottom. 1n the top and bottom conductors we describe the pos itions o f these 
smaller conductors by the ind ices i and j, k and I . The premise is that the interaction 
due to mutua l inductance between two rectangular cross section conductors, M ij.k.l can 
be simulated by the interaction of two fi laments which are separated by a geometric 
mean di stance, R ij.k.l [34] . Each elemental conductor, or fil ament, interacts with each 
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and every other fil ament in the top and bottom conductors. Taking the element (iJ) in 
the lOp conductor the potentia l difference across it, Vij, can be described by 
Kirchhoff s voltage law as 
d { "' - I,v- I P I Q I } 
V. . +- 1 M .. + 1 M. . = 0 
,.) dt I I k,I I.J,k,/ I I kJ /.), /.:. ,/ 
1.: =0 1=0 k::O 1:::0 
(2.5) 
The first term is the potential difference (vo ltage) across fil ament ri, j) generated 
by the rate of change of flux in the whole c ircuit. The second and third tenns, those in 
the curly brackets, are the interacti ons of that fil ament with all the other mutual 
inductances in the same conductor and the oppos ing conductor; M ij.k.I represents the 
mutual induc tance of fi lament (iJ) with fil a ment (k.l). In the second term the induced 
voltage from all the other fil aments includes the mul113 I inductance o f fil ament (iJ) 
with itself; thi s is the self inductance o f the fil ament, Lij. so the equation can be 
rewritten as 
In thi s simpli fied analysis, we assume that nothing moves and consequentl y a ll the 
inductances are constant; (2.6) becomes 
dl. . M - I N- I dl I' I Q- I dl 
V . =-L .--'.:L - """" M . ~- """" M. ~ (2.7) 
'.) '.) dt L... L... 1.).'.1 I L... L... ,.) . .., d k ~O 1- 0 t C. l ! k- O 1- 0 ( 
hi,l~j 
For a pa ir o f parall el straight fil aments of length " Mij.k•1 can be written exactl y 
[34] as 
M, j kI = _J.1o In l-I-+ I + [-'-J' - I + (R,.), .. ", J' + R,.), ..", ) 
. .. 27r R . . k 1 R k 1 
I.). ' , ' ,), • 
(2 .8) 
Finall y, the geometric mean di stance (GMD) between fil aments, R ij.k.", in Figure 
2-5 , can be obtained exactly fo r rectangu lar fil aments. For example, Rosa [35] 
publi shed a seri es of analytic fo rmul ae for rectangles. As Rosa ' s fo rmulae are 
lengthy, they have been re legated to Appe ndix A. In most cases, the GMD is velY 
28 
Chapler 2 Physics O/Magnelic Compression /n An HEPP-fCE Load 
c lose to the distance between centers. For example, for adjacent, touch ing, squares of 
side a, the GMD is 1.00655a. For squares separated by a center to center distance of 
l Oa, the GMD is ( I + S.33 x I 0·7) x l Oa. In the following calculati ons for the ICE 
geometry, these distances were calculated exactly wi th the Rosa formulae, a lthough 
the center to center di stances would probably have been good enough for the purposes 
of the ca lcul ati on. 
Figure 2-6. Photograph of the load used in ICE-14 
There are two rectangular, 
para lle l, copper conductors, 
separated by - I mm of 
polyimide insul ation between 
the faces , Figure 2-6. The 
conductors are short-circuited 
together at the top of the figure . 
I f we divide up the conductors 
across the widths into M by P 
filaments and across the depths 
into N by Q filaments , we can 
showing the top of the tapered eopper load secti on with write the norma l equations for 
Kapton insulation in the gap between the samples. The 
the ci rcuit with Equation (2.7). 
end of the current nibs may be seen at the bonom right 
hand edge of the copper. We then specify the boundary 
conditions that : the sum of the 
time derivatives of the filamentary currents (df/dls) in the top and bol1om conductors 
are equal and opposite; and, the potential differences across a ll the filaments of any 
one conductor are identi ca l. 
M - I N - I df .. df 
LL-'·J=~· 
,.0 j.o dl dl (2.9) 
V; ,j = V,QIJ' 
L......J 
M.N 
These equations were solved in matrix form with commercial equation evaluati on 
software [36] , and the results are shown graphicall y in Figure 2-7. The surface plot, 
which resembles a fo ur-poster bed, shows the magnitude of dl/dl in each filament on 
the verti ca l axis. Each conductor was divided into SOO square filaments, 40 to SO 
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Inside 
surface 
Depth 
Figure 2-7. Calculation of the cll/clf di stribution , at the time CUlTelll starts to fl ow, in one 
electrode of an ICE load. The inside surface is on the le fi of the diagram (marked as 
width). The cll /cltmagnitude is plottcd verti cally wi th a linear scale. Note thc uniformity 
or the cll /clf distribut ion in the central rcgion of the inside surface. 
across the width and 10 to 20 across the depth , so that ty picall y 1600 fi laments were 
modeled for the complete problem. 
As to be expected, the dlldts initially flow on the inside surfaces with spikes at the 
corners where the inductive coupling to the neighboring fil aments is a minimum. The 
zoning of the prob lem was changed fro m calcula ti on to calculati on to ensure that the 
errors associated with the finite sizes of the fil ame nts were minimized. It was found 
that, apart from some oscillati ons in the structure o f the current spikes on the inside 
corners, the central current di stribution did not change apprec iably with di fferent 
fil ament sizes . It is therefore presumed that the results of the mode l are a reasonable 
representation o f the dlldt-di stribution tha t ex ists at current start. The results al so 
match those of the rDE so lution given later. 
2.6 Current distribution under transient conditions 
From the plots, the bul k of the interior of the conductor can·ies no current at the 
start of current fl ow, as to be ex pected. Fortunate ly fo r HEPP-ICE purposes, because 
o f the sk in effect th e dlldt distribution becomes very fl at in the central region o f the 
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inside surface of the e lectrodes. That is, the magnitudes of the d/ldts were uniform to 
within I part in 103 across the center 87% of the width, and to withi n I part in 106 in 
the central 67% . Consequentl y, all HEPP-ICE experiments were designed such that 
th is centra l region was used to load the sample in an experiment, i.e., the sample 
diameter was always sma ll er than the w idth . These resul ts were almost identi ca l to 
those of the "Calculation of the time dependent current di stribution in an HEPP-ICE 
load with a partial di fferenti al equati on (PO E) solver," section 2.10.2. 
From these finite element ca lcul ations, the initial inductance was obtai ned by 
dividing the tota l voltage across the conductors by dlldt, I.e. , 
d/ L = (V;op - V""nom) -;- ;;p = 88.77 nH/ m. For comparison, the inductance calculated for 
a un iform , steady state (d/ldt = 0), current di stribution, fl owing adjacent to the 
insulation in parallel thin sheets, is L = 88.64 nH/m [37]; the finite element va lue is 
just 0. 15% hi gher. (The agreement is bener than that obtained w ith the Flex PO E 
calculati on in secti on 2. 11 , i. e. , where there was a 6% difference). 
Figure 2-8. Current distributions in the 
2.7 Tapered electrodes 
In add ition (0 the h'ansient effects there 
are other asymmetries due to the geomet lY of 
the load. The e lectrodes are tapered from a 
width of 30 cm to I to 2 cm between the ma in 
stripline and the load, see Figure 2-2 and 
Figure 2-8. Like the effects of transient 
current fl ow, thi s fo rces the currents to 
pre ferentially flow a long the outside edges of 
the conductors; but thi s effect occurs under 
both stat ic and transient conditions. At the 
time o f writing, it has not been possible to 
perform the necessary 3-D modeling of the 
current distribution due to the taper. 
tapered transmission line attached to the However, thi s effect does not pe rturb the exact 
load. Higher current dcnsities tend to . . . 
now on the outsidc edges orthe load. B- fi eld matchmg of opposmg samples, but It 
does change the B-fields along the electrodes, see section 2.9. 
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2.8 Summary of non-uniform current distribution effects 
C learly, the initial cu rrent density is not uniform across the width, but fl ows 
preferentiall y at the edges as j ust discussed. Consequentl y, the magnet ic fields 
distribute themse lves in proportion to the current distribution and are therefore not 
unifonn across the width . Finally, the sk in effect, combined with surface ablation, 
di storts current fl ow. At these very high current densiti es and relati ve ly fast risetimes, 
the currents that are confined to the sk in depth in a thin layer (- I mm in copper at 
ty pica l ICE current dens ities and risetimes) can me lt or ablate. These combined 
processes have no simple analytic description and can onl y be solved by 3-D 
computer hydrocodes wi th coupled MHO capabilities, for example, the ALEGRA 
M H O-hydrocode [38]. 
Fortunately, an accurate knowledge of the magneti c forces is not necessa ry to 
obtai n accurate EOS data . The onl y requirement for the ICE technique is that the two 
samples are subjected to identical and uniform forces. With the HEPP-ICE thi s is 
always the case because the opposing conductors share the same magneti c fie lds, so 
the magnetic forces on opposing conductors milTor each other exactly . Consequently, 
identica l forces are applied to the two opposing surfaces under test and EOS data may 
be obtained to 99% accuracy or better, as wi 11 be seen later. 
2.9 Stacked sa mples 
As stated earli er, the requirement for the ICE technique is that the two samples are 
subjected to identica l magnetic loads. As they share the same magnetic field in the 
gap that separate them in an HEPP-ICE load, it follows that opposing pairs of 
samples have exactl y matched fie lds, but any two samples from up and down stream 
may not share identica l fie lds. A typical HE PP-ICE load section is shown in Figure 2-
9, where we have two opposing pairs of samples, S I and S2, S3 and S4, which are 
stacked on top of one another, where the S3/S4 pair is downstream from the S I/S2 
pair. 
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Different 
B-fields 
S4 
Figure 2-9. Simpl ifi ed view of the load secti on in Figure 2-6 showing thc four samples of 
di fferent thi cknesses: S I to S4. The circled crosses represent B-fi elds oriented into the plane 
of the paper, and the B-fi clds in the gaps between sample pairs are different. 
Direct ev idence of this current redi stribution because of the taper was observed in 
ICE- 14 and ICE- 19, where the same material was studied in the S I/S2 and S3 /S4 
sample-pair positions. For example, the ca lculated pressure pro fil es for the two 
sample pairs in ICE- 14 show a clear difference between them; there is up to a 5% 
di ffe rence in the pressures, Figure 2-10. However, the match between the pressures of 
each individual pair is to within 0.2%. Further deta il s of the isentropic data ana lysis 
50 
40 
ro 30 0... (!) 
20 
10 
0 
0.0 0.4 0.8 1.2 1.6 2.0 
IJsec 
process for all ex periments, 
including ICE-14 and lCE- 19, 
may be found in Chapter 7. 
From the foregoing 
di scuss ion, we can deri ve 
accurate isentropic data fro m 
these two pairs but we cannot 
match the data from S I with those 
o f e ither S3 or S4 for instance, 
because they do not share the 
Figure 2- 10. ICE- 14. Stresses at the inside surfaces . fi Id d exact same magnetic le s an (x = 0) calculated with the Backward technique for 
the two sample-pairs. Here the rightmost pa ir of hence magnetic forces . 
curves (black and red) corresponds to the S I/S2 pair 
in Figure 2-9. 
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2.10 Calculation of the time dependent current di stribution in an HEPP-I CE 
load with a partial differential equation (POE) solver 
2. 10.1 Methods 
To determine the uni formity of current flow in the load conductors, the load 
section was modeled to solve for the magnetic field di stribution as a function of time. 
This had to be done by assuming that the conductors did not move, because the 
software that was used made no provision for dynamic boundaries. It is nonetheless 
useful to do these calculations before hydrodynamic flow is added to the model. The 
movement of boundaries was accommodated by repeating the ca lcu lat ions for 
different boundary locations. In addition , it was assumed that the conductivity of the 
conductors was constant, which is incorrect because the current densities are high 
enough to melt and perhaps ab late the surfaces . The movement of the boundaries and 
the change in temperature and state of the conductors can be modeled with an MHO-
hydrocode such as ALEGRA [38], but thi s was not ava il ab le to the author until after 
the end of September, 2005, i.e., after the funding for thi s work had expired. 
The current di stribution has been modeled in two ways: with a filamentary current 
approx imation, in section 2. 5, and here wi th a finite element partial different ial 
equation (POE) solution using the Flex POE [39] code. 
2. 10.2 Partial differential equation solution 
The probl em was fo rmulated in two dimensions (x and y) with currents fl owing 
into and out of the z direction. For simplicity, we use the magnetic vector potential 
Az, defined by B (the magneti c field) = curl A, and E is the electri c field vector. Then 
using the third of Maxwel! 's equation (derived from Faraday 's law): 
aB 
cur/E+-=O 
at 
: . E + aA , = 0 
at 
(2. 10) 
From a combination of Maxwell 's fourth equati on (from Lorentz), the identities 
B = j.1l-f and B = clIrl A , and using D for the electric di splacement charge density: 
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00 
curlH --= J 
ot 
( 
I ) 00 curl -curiA --;;- = J 
fI at 
(2 .11 ) 
The electric field E is the sum of the induced electric fi eld, - oA , and the static 
at 
electric fi eld, so J =_(J" (OA +llV). In the ICE experiment the displacement current 
ot 
is negligible compared with the app lied currents, so we ignore 00 . Combining 
ot 
(2.10) and (2. 11 ) we have the final PO E 
(2. 12) 
Here (J" is the electri cal conductivity, - IlV is the appl ied stati c electric field that 
appears across the conductors in the z-d irection, and A is unknown . The tota l currents 
in the conductors are the volume integrals 
(2. 13) 
x and y are the directions of integration, and Jo is the current due to the app lied 
static electric fie ld. 
Equation (2.13) shows that the tota l current is the applied current less the effect of 
the induced field . To determine the magnetic field distribution in an ICE experiment, 
a one boundary condition must be that the integral equals the applied current. In 
practice, the Flex POE software was unstable when (2 .1 3) was u ed as a boundary 
condition. Lnstead, Jo was adjusted from ca lculation to calculation until the integral 
matched the desired current. 
2.11 Results of the PDE calculation 
2. 11.1 Initial current distribution 
The initial current di stribution obtained with the theory above and the FlexPOE 
solver code, presented in Appendix B, is shown in Figure 2- 11 . otice the simi larity 
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to the results of the finite element ca lculation of secti on 2.5. The currents are clearly 
forced to flow on the inside comers of the load, but the bulk of the current is 
uniformly distributed across the width . The spikes on the comers have current 
2.60-4 _0.oQ61 
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Figure 2- I I . FlexPDE calculation or the initial currcnt dcnsity di stribution in thc 
I-I EPP- ICE load with an clcctrode scparation or 800 f11ll . The currents flow on the 
inside sw·race closest to the other c1ew·ode. 
densities that are approx imately three times greater than the current densiti es at the 
inside center of the electrode. 
2.11 .2 Inductance 
The inductance of the model can be defined by integrating the magnetic e nergy 
density throug hout the vo lume of the prob lem to obta in the energy, a nd equating it to 
the energy of the equiva lent inductance L at a cun·ent I , i.e. , .!.. U 2 = _ 1- f B. B.dr. 
2 2J.lo , 
In the FlexPDE ca lcul ation, we can integrate the magnetic energy across the to tal 
vo lume and then across the volume of the e lectrodes. In thi s way, we can acco unt for 
the energy that has diffused into the electrodes, and the difference between the 
energies gives the energy stored in the vacuum. For an electrode separat ion of 
8 12.8 f11n , the inductance was calcu lated to be 73.235 nl-\/m using the Grover.exe 
software [37] (the theory was based on Eq uation A-12 in Appendix A), for a uniform 
current distribution and no diffusion into the surfaces. The FlexPDE ca lcul ation gave 
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the initial inductance as 68.964 nH /m, and the vacuum inductance was 68.958 nH/m; 
the difference was the 5.5 pH/m that represented diffusion into the electrodes. The 
FlexPDE result is - 6% lower than that of the theOlY for a un iform current distribution. 
(It is interesting to note that fo r a constant electrode separation after 656 ns of current 
fl ow, the vacuum inductance was 69.25 5 nH/m and the total inductance was 
76.788 nH/m, i.e., diffusion accounted fo r the add itiona l inductance of7 .533 nHfm.) 
2. 11.3 Joule healing effects on conductivity 
In pract ice, the current will be more uni fonn than shown in Figure 2- 1 I. This is 
because the current concentrations on the inside corners lead to higher Joule heating 
rates. The consequent temperature ri se leads to an reduced electri cal conducti vity and 
a consequent redi stribution of current away from the corners. ' 
2. 11 .4 Final cllrrent distribution 
Near the end of the experiment (656 ns after the start of current fl ow) the peak 
currents at the corners were much less pronounced. The top of Figure 2- 12 shows that 
the concentrations of current density at the corners were now approximately 40% 
larger than at the center. The current density was fl at to within I pm1 in 103 across the 
center 90% of the width , and to within I part in 106 in the centra l 65%. 
The bottom of the fi gure shows the pressure di stribution on the same electrode. 
The magnitudes of the pressures were fl at to within 0.2% across the center 70% of the 
width. Again, Joule heating at the corners will reduce the current peaks and improve 
the fl atness of the current flow. 
2. 12 Conclusions for PDE ca lculations 
As to be expected and as was found with the fil amentary ca lculation in section 
2.5, the bulk of the interior of the conductor carried no current. The current 
di stribution was fl at in the central region of the inside surfaces of the electrodes. That 
is, the magnitlldes of the current densities were uniform to with in I part in 103 across 
the center 87% of the width, and to within I part in 106 in the central 67%. (The plot is 
fo r a rati o of separation to width, dlW = 0.3, which would occur towards the end of 
experiment, when uniformi ty is at its worst.) 
• Note that that current concentrat ion al the corners improves natness by mitigating against relief 
waves. 
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Figurc 2-1 2. The cUIl·cnt (top) and pressurc (bottom) distributions in 
thc load conductors, 656 ns aftcr currcnt fl ow started. By th is timc 
thc clcctrodc has movcd 2 mm outwa rd, in thc pos iti ve y-d ircction. 
The agreement between the inductances ca lculated with FlexPDE and with the 
theory was within - 6%. Note that the agreement between the theory and the 
fil amentary inductance calcula ti on on p.27 was within 0. 15%; both of these were for a 
uniform current di stribut ion , unlike the FlexPDE cal culations. 
The bene fit of this preferenti al current fl ow on the edges is the high degree of 
pressure uniformity in the center; the detriment is the reducti on of magneti c pressure 
there. Let u defi ne the optimum pressure Po as the pressure corresponding to dl W = 
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0, i.e. , 1/zJ1(;.l. Now when dlldt = 0 and d/W = 0.3 , the pressure in the center has fa ll en 
to 0.656 Po; the distri bution is non-uniform and it has dropped to 0.5 Po at a pos ition 
of O.4W away from the center. By compari son, when dlldt is fi nite, the central 
pressure is 0.365 Po but it is the same va lue at O.4W fro m the center. In other words, 
the pressure under pul sed conditions is typica lly of the order of 55% of the stati c case, 
depending on the position on the sinusoidal load current ri se, but the di stribution is 
fl a t. 
There is a competing effect, which makes thi s pressure reduction less severe. The 
separation, d, increases as the plates are acce lerated apat1 by the pressure. As the 
pressure is reduced when dlldt is finit e, the plates are not acce lerated as rapidly, so the 
pressure does not diminish so rapidly. C learl y, thi s is a complex process that is best 
treated in a computer mode l, as described in the S PICE mode l secti on of Chapter 3. 
2.12.1 Comparison of HEPP-]CE electrode design to that ofZIZR 
The electrode configurati on used on the Sand ia Z-machine, and also on the future 
1.5 
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Figure 2- 13. ICE electrode design for the Z-maehi ne. 
B I to B4 are the magnetic fi elds adjacent to each of the 
four sample we ll s. 
ZR machine, is shown in Figure 
2- 13. It is a rectangular cross-
secti on coaxia l cavity. (A square 
cross-section is shown here, but 
the aspect rati o of the rectangle 
may be adj usted to attain the 
highest magnetic pressures .) All 
the samples are mounted on the 
outside return e lectrode, the 
anode, on the four faces of the 
rectangle, in the sample-well s 
shown in the fi gure. Additiona l 
samples are placed on the faces 
of the rectangle faces in the Z-
direction (in to the page). Each 
face , termed a " panel ," may accommodate two or more samples in the Z-di rection. 
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2. 12.2 Pressure distribution comparison 
The magneti c pressure profiles of this Z-machine des ign were calculated by 
Reisman [40] and the results are in Figure 2-14. The profil es are di stinctly curved, 
with the pressure over the cent ra l 5 mm of the sample fa ll ing by - 6% from the center, 
and the pressure falling by 65% from the center to the outside edge. Compare thi s to 
the HEPP-]CE pressure profi le Figure 2- 12, where the pressure is fl at to I part in 103 
across the center 87% of the width and to within I part in 106 in the central 67%. 
PreSSUl'e Line-Out 
o. 0.81-____ :.,,;;;;. 
07 
06 
E 
~05 
>- O. 
03 
02 
0.1 
-l i).n 
H'.06 
.... 
.. , 
,." 
'" .... 
~1 • 
.. , 
." ,,, 
~" :'I~ 
,~ 
o.n 
Pressure vs. Anode Distance 
••  
" 
1= 0.22 ~s 
' .2 
t - 0.21 ~I S 
j 
• ~ 
1= 0.20 ~s 
1 =0. t9 ~1S 
~ 0.8 
'" 
'" e 06 
Q. 
O. 
0.2 
0 01 02 0.3 o. 05 
x (cm) 
Figure 2-1 4. Pressure eOlllours fo r ICE on the Sand ia Z-maehine, due to Reisman [40). The 
fi gure on the left shows the pressure contours in the top right hand corner of the rectangle, 
and the other fi gure shows the sample pressure calculated at the opposition of the dotted line 
at various times. 
2. 12.3 Magnetic fi eld matching comparison 
In Chapte r 7, it will be shown that the ICE ex periment reli es on the exact 
matching of the magneti c pressures appli ed to two or more samples under 
investi gation. However, in Figure 2- 13, the samples on the Z-machine are subjected 
to indi vidual fie lds B I to B4. Clearl y, the Sandia researchers go to great lengths to 
match the electrode gap dimensions to e nsure the highest possible uni fo lmi ty of 
current fl ow, but it will never be perfect and consequently the B fi e lds will never be 
exactly matched. Similarl y, in the Z-directi on of the fi gure there w ill be small 
changes in CUITent distTibution along the pane ls that will change the magnetic fi elds, 
as di scussed in secti on 2.9. 
By contrast, fo r the parall el electrodes of H EPP-ICE the samples share the exact 
same magneti c fi eld in the gap that separates them, and it fo llows that opposing pa irs 
o f samples have exactly matched fi e lds. Once aga in , fo r the highest accuracy the 
parall el plate configuration of HEPP-ICE is superior to the coax ia l e lectrode des ign. 
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2.13 Summary of Chapter 2 
We have demonstrated that the HEPP-ICE technique offers the best current 
profi les for materials of interest without shock-up. The para llel plate configuration 
used as an HEPP-ICE load provides exact B-field and pressure matching between 
oppos ing samples, leading to the highest accuracy. The parallel HEPP-ICE load 
provides a highly uniform pressure profi le across the surface - thus providing better 
accuracy. The magnetic field and pressure are maximized at the electrocle edges, but 
uni form to with in I part in 103 across the cen tra l 87% of the sample. 
As will be seen in subsequent chapters, large samples are read il y accommodated 
by HEPP-ICE. For example, we demonstTate that pressures in excess of 20 Mbar are 
possible in tungsten samples wi th thicknesses of 10 mm or more. Such large samples 
greatl y fac ilitate the highest accurac ies of ICE data . 
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THREE 
HEPP-TCE CIRCUIT DESIGN AND ANALYSIS 
3.1 IlItI'oductioll 
The HEPP-I CE circuit IS based on conventional , explosive pulsed power 
techniques that have been developed at LA L over many yea rs by many researchers, 
most notably by C. M. (Max) Fowler. At least up to the time of completing thi s 
document, i.e ., September 2006, the HEPP-I CE program had been funded at a 
relatively low leve l, so economies were sought wherever poss ible. Moreover, as 
HEPP component development can be expensive, it was decided to use ex isting HEPP 
components rather than develop them specificall y for HEPP-I CE. With the exception 
of the closing switches, it was possib le to ada pt all other components fro m ex isting 
des igns for the prototype system described here. However, various components wi ll 
have to be improved for the design of HEPP-I CE systems at higher current levels and 
pressures in the future, should the HEPP-I CE be con tinued. 
3. 1.1 The HEPP-1CE circuit 
The basic HEPP-I CE circuit comprises a 6-mF, 20-kV, 1.2 MJ capacitor bank that 
provides a seed ClIn'ent of - 2 MA to a 4-inx5-in plate flu x compression generator 
(FCG), Figure 3- 1. A thorough description of the circuit operation will follow in 
section 6.4. The FCG transfers up to 12 MA into a storage inductor of - 25 nH and an 
exp losively-formed fuse (EFF) opening switch [43). Three parall el exp los ively-driven 
polyimide clos ing switches then c lose to transfer CUITent to the load at the appropriate 
time. The circui t components are described in detail in Chapter 4 . This c ircuit is 
capab le of delivering 7 MA with a rate of ri se, dlldt , of - 3 x lO ll Als) into ICE loads 
of I to 2 cm width with the required risetimes and will produce isentrop ic 
compression at pressures in the range of 0 to 250 G Pa. Similar but larger HEPP 
systems [42) have also been designed that are capable of producing - 1.7 TPa shock-
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free loading in 2-mm to 10-mm thi ck samples. The des ign of the current profi les for 
the optimum high-pressure opera ti on is presented in section 3.2. 
For pred ictable performance and control of the CUITent profil e the H EPP-I CE 
requ ires a timing precis ion of - 50 ns, see secti on 3.5; which is signi fi cantly more 
precise than w hat is nOnllally achieved with an HEPP ystem. As a consequence, the 
author had to des ign and develop po lyimide (Kapton) c los ing switches spec ifi ca lly for 
HEPP- ICE. These combine low time j itter (50 ns), insensitivity to applied vo ltage 
(-0.5 ps/V) , and a sma ll e lec trica l impedance « I nH); they are discussed in detail in 
Chapter 5. 
3.2 Des ign of the optimum H E PP-ICE curt'ent profile 
When des igning an ICE experiment, it is important to prevent the ramp wave 
developing into a shock wave, the so-ca ll ed shock-up process. Shock-up is caused by 
the fact that the compressio n wave ve locity is pressu re dependent, and in mos t 
materi als the wave velocity increases w ith pressure. (Notable exceptions inc lude 
fused quartz, see Chapter I in the secti on " Ramp wave experiments on gas-guns.") 
Shoul d shock-up occur in any of the samples in an HEPP- ICE experiment, the 
compression o f the materi al wo uld no longer be isentropic after the shock had 
deve loped. Depending on the thickness of the sample and the CUITent profil e, the 
sample may develop shocks in a number of ways. T he shock-up process is illustrated 
in Figure 3-2. These data were ca lcul ated from the ori gina l data of experiment 
ICE- 14. Then the pressure at x = 0 was ca lculated using the Backward technique, and 
fi nally th is same technique was used in reverse to ca lculate fo rward at the distances 
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Figure 3-2. Predicted wave propagati on in OFHC coppcr from the data of experiment ICE- 14, 
the Backward analysis back to x = 0, and forward ca lcul ations. Thc thicknesses fro m left to 
right are: 0; 0.5; 1.0; 2.0; 3.0; 3.2; 3.5; and 4.0 mm. 
shown. (See Chapter 7 for deta ils of thi s calculation process.) In the ca lcul ati ons 
used to obtain the figure, no account was taken of refl ecti ons at the free surfaces. The 
fi gure illustrates the increase of wave velocity with increasing pressure, and how that 
leads to shock-up. Noti ce that in thi s example the shock-up starts at the foot of the 
wave nea r 1.2 /l s. 
3.2. 1 Method oJ characteristics 
The method of characteri sti cs [44] is a powerful method for the analys is of 
hydrodynamic fl ow in one-dimension and it is a useful tool for the prediction of 
shock-up in an ICE experiment. In particular, the method of characteristics can be 
used to des ign the optimum current profil e to prevent shock-up. For convenience, 
Lagrangian analys is is used here, as it is for other aspects of ICE wave analys is. It is 
assumed that a ll waves are "simple" and travel on stra ight lines, more about that later. 
For example, from the isentrope of copper we know the Lagrangian wave 
ve locity, Cl, in OFHC copper as a functi on of pressure. It can be expressed as a fourth 
order polynom ia l up to [00 G Pa, where the a j coefficien ts for i = 0 to 4 are: 394S. 18; 
8.0S4S I x I 0.8; -S .S9069x I 0.19; 4.S 1653 x I 0.30; and - 1.S6767x I 0-4 1. 
44 
Chapler 3 
9.0 Cl) 
-E 
"" 8.0 >-~ 
u 
7.0 .2 QJ 
f 
> 
6.0 
5.0 
pressure GPa 
4.0 
0 20 40 60 
HEPP-ICE Circuil Design and Analysis 
4 
Cl = "L a,P' 
j ::O 
80 100 
(3. 1 ) 
Equation (3. 1) is shown 
graphica lly in Figure 3-3 for 
OFHC copper and pure 
tungsten. The corresponding 
coefficients for tungsten in (3. 1) 
for a fit from 0 to 100 GPa are 
4034.86; 
and -3.0 1342x I 0-4J Notice that 
Figure 3-3. Lagrangian isentropie wave velocities in 
OFHC copper and tungsten as functions of pressure. the wave ve locity in copper is a 
stronger function of pressure 
than the tungsten veloc ity is; we wi ll return to that later. 
Consider the leftmost pressure curve in Figure 3-2, which corresponds to the 
pressure at zero thickness, thi s is the origina l loaded of the surface by the magnetic 
pressure (ignoring diffusion effects). From (3 .1 ), the portion of the wave at 341 ns 
and 6. 1 GPa will travel fOlward at a ve locity of 442 1 rnls whereas the portion of the 
wave at 40 I ns and 10.7 G Pa wi 11 travel at 4753 m/s. As the 6. 1 G Pa portion of the 
wave starts out first, it will stay ahead of the fas ter 10.7 GPa porti on for a certain 
di stance; which means that the higher pressure wave will be traveling in pre-
compressed materia l. (Lagrangian coordinates are used because the material is 
precompressed.) When the faster wave catches up, the two waves coalesce and a 
shock is formed , i.e. , the pressure jumps instantaneously from 6. 1 G Pa to 10.7 GPa. 
Simple geometry shows that the two waves meet at time I when the distance traveled 
by the first wave, X " is equal to the di stance traveled by the faster wave, Xl. So we 
can so lve to find the time and di stance when the waves shock-up. 
X, =C,(/ - /,) ; x,=C, (/ - I, ) 
c, /, - c,l, For ~ = X at! = I ' I = --~ I 2 x' x 
(3.2) 
Equation (3 .2) pred icts that the two waves coalesce after travel ing a di stance of 
3.807 mm at a time of 1.202 /-' S. Th is process can be performed on every portion of 
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Figure 3-4. x-t, characteristics of ICE- 14 in OI-lFC copper. Each line represents a portion of 
the left most curve of Figure 3-2 traveling at a different veloci ty. The 11 lines correspond to 
pressures of 45 to 2.5 GPa from top to bottom. The plot shows that the 11 and 6. 1 GPa traces 
would create the first shock at 3.807 mm. 
the leftmost curve in Figure 3-2, treating each porti on as a separate wave, and the 
results are shown in Figure 3-4. 
The fi gure is an x-t plot showing the times of arri va l of the va rious portions of the 
leftmost pressure curve at di stances fro m the inside surface . The topmost lines 
cOlTespond to the higher-pressure porti ons o f the curve, that start later but travel fa ster 
than the lower lines. By erecting a vertica l line at any particular thickness, x, on the 
plot, the ri setime from one particular pressure to another may be obtained as the ramp 
wave traverses the material. Clearly, the ramp wave steepens as the thickness 
Increases. 
The autho r chose the two porti ons that would shock-up first for the numeri cal 
example in the last few paragraphs, and that coa lescence is marked on the figure . 
From the fi gure it can be seen that the low pressure end of the curves tends to coa lesce 
first for OF HC copper, and that is because the wave ve locity changes IllOSt rapid ly 
wi th pressure at the low pressures, see Figure 3-3. Other materi als exhibit differe nt 
behaviors, as w ill be seen later. 
Figure 3-4 pred icts the shock-up behavior and changes in ri setime shown in 
Figure 3-2 . Shocks start to forlll at the foot of the pressure ri se at a ti me of - 1.2 Il s, 
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and at a thickness of 4 mm the shock step has grown to - 20 GPa. The results of the 
characteristics ca lculations mean that a complete set of isentropic data could not be 
obta ined at more than -3.8 mm thickness in ICE-1 4. As it happens, the thickest 
sample in that experiment was 2.517 mm, and consequently no shocks could be 
formed, and none were observed. 
3.2.2 Pressure (ailoring and circuit design 
It is possible to design the shape of the initia l pressure ri se so that shock-up is 
delayed as long as poss ible. This is accomplished through the method of 
characteristi cs. However, as will be seen in "Circuit modeling of H EPP-ICE," section 
3.6, where the TopSP ICE [45] modeling of HEPP- ICE is described; the shape of the 
pressure profi le is a complex function of the current in the load cond uctors and the 
dynamic separation of the same conductors. Therefore, a pred iction of the required 
pressure is not suffi cient to predict the required cun·ent profile. The solution is an 
iterative process that can be laborious. First you make a guess of the current profile; 
then des ign the circuit that mi ght produce that profil e; run the TopSP ICE model to 
predict the pressure profile that is produced (with a ll the load dynamics accounted 
for); compare the result with the desired pressure profile; then make adjustments to 
the circuit and repeat the process. Fortunately, the TopS PICE ana lysis is fast and 
efficient. Considering the cost of these experiments, the investment of time in thi s 
c ircuit design process is worthwhile. 
Moreover, the profi le can be optimized with the Monte Carlo technique described 
below. In this case, the c ircuit model is run within a prescri bed range of changes to 
the various circuit parameters. The fina l design is the one that provides the profi le 
c losest to the desired results. 
3.3 O ptimum pressure profile for ICE in copper a nd tu ngsten 
There ex ists a unique, optimum pressure profi le that can be considered the one 
that attains the highest possible pressure in the sample before it shocks-up. In 
practice, it may not be possible to match this profile exactly in an ICE experiment, but 
it is poss ible to approximate to it. The highest pressure is ach ieved by delaying the 
shock-up process as long as poss ible, with the appropriate design of pressure wave, so 
that it shocks- up fro m the lowest pressure to the highest simultaneously. 
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Then we can work 
backwards 1I1 time and 
define the times when the 
input pressure wave reaches 
part icul ar pressures PI , P2 
.. . Pn as t I to tn, and these 
are simply expressed 111 
terms of the ve loc ities 
Figure 3-5. Characteri stics or the ideal pressure profile in derived from (3. 1), i.e., 
OHFC eonner that wil l shock un at 10111111 and 100 GPa. 
x, = C, (I- I,); x, =C, {! - I, ); ···x" =c,, (t-I,,); 
'I = 1-X / C1; '2 = 1-X / C2; ... ' " = t - XI/ / C,/; 
(33) 
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Figure 3-6. Optimum pressure profi les for 2 (left) to 
10 mm (right) in OHFC copper and the profile of ICE-
14. 
The corresponding 
characteristi c plots for the 
optimum pro fil es are shown 
in Figure 3-5 . The shapes 
of the pressure curves, up to 
100 GPa, are actua ll y the 
times o f intersection of the 
characteri stics with the x = 
o plane of Figure 3-5; these 
are shown in Figure 3-6 for 
thicknesses of 2 to 10 mm 
111 copper. A lso, the 
pressure profile for ICE-1 4 on the inside surface is superimposed on thi s plot (at x = 
0), thi s was ca lculated by the Backward technique described in Chapter 7. From these 
plots, the ICE-1 4 profile was best matched to a thickness of - 4 mm to attain the 
maximum pressure without shock-up. 
The ri setimes of the optimum curves are long by ICE standards. For example, the 
10% to 90% risetime of the optimum curve for a 10 mm thick sample up to 100 G Pa is 
I 36 ~s. At the time of writing, HEPP-ICE is the on ly technique that is capable of 
ach ieving these long profi les. In fact, HEPP-ICE is the onl y system able to achieve 
any ri setime longer than 500 ns. 
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Simi larly, the optimum pressure profi les for pure tungsten are shown in Figure 3-
7. Here the profile of lCE- 14 is well matched to the 10-mm thi ck sample a lthough 
much higher pressures may be reached w ith HEPP-I CE. In the prototype design 200 
to 300 GPa may be atta ined, see " Maximum pressures in prototype," section 3.9. 
ote that in the absence of phase transitions and elastic-plastic precursors the 
optimum profi les are plots of inverse ve locity, i.e. , t = x / c. 
3.3.1 Characteristics calclllation - effects a/reflections 
It is assumed that each porti on of the pressure profil e travels w ith a constant 
velocity from the x = 0 interface outwards, i.e., that the characteristi cs are straight 
lines. This is correct provided that the outgo ing waves do not encounter ramp 
reflecti ons returning from the back face of the samples. In thi s case o f the outgo ing 
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Figure 3·7. Optimum pressure profi les up to 100 GPa for 
thicknesses of2 (left) to 10 mm (right) in pure tungsten. 
ramp waves meeting the 
reflected ramp waves, the 
characteristi cs may bend. 
However, the author has 
tailored the calcul at ion so 
that no re fl ections occur for 
the duration of the 
characteri stics calculation. 
So for example from Figure 
3-7, we can des ign an 
experiment that will not 
shock-up in tungsten using 
the 10-ml11 pressure profile, then set the max imum sample thi ckness to just less than 
10 mm; then no sample will shock-up. 
3.3.2 2-TPa HEPP-ICE experiments - projections 
As was shown above, we must design the pressure profil e and hence the current 
profile, so that the thi ckest sample shocks-up across the fu ll pressure profil e 
s imultaneously. With thi s in mind, it is possible with the characteristics technique to 
ca lculate the profil es necessary to ex tend HEPP- ICE to obtain 2.2-TPa EOS data . 
Detail s of the 2.2-TPa HEPP-ICE design are summari zed in secti on 3.4. 1, "2-TPa 
HEPP-lCE experimental design." 
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3.3.3 Optimum 2- TPa pressure pro/lies in tungsten 
The optimum pressure profiles for EOS measurements in pure tungsten are shown 
in Figure 3-8. Superimposed on the plot is the likely regime of operation for the Z/ZR 
machine; the H EPP-ICE regime is unlimited. The difficulty with the Z/ZR machine is 
extending the current pulse to longer times. At the time of writing, 500 ns is the 
longest pulse ach ieved on the Z-machine. It is possible that the ZR profile wi ll be 
extended a few 100 ns longer, and the Sandia researchers claim that they may 
ultimately reach I TPa; the possible Z/ZR capabilities are shown in the box within the 
figure . 
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Figure 3-8. Pressure-sample size spaces accessible with Z/Z R (small box) and HEPP-ICE 
(no upper limit) in pure tungsten. The eurves are the optimum pressure profiles ror shoek-
rree isentropie experiments in various thicknesses. Any profile to the lell or a given curve 
wi ll eause shock-up in that thickness. 
The COtTesponcting regime for HEPP-ICE is represented by the larger box in the 
figure . For HEPP-ICE, it is difficult to achieve pulses much less than - 300 to 400 ns; 
pulses from 500 ns out to - 5 li S are relatively easy to achieve. As can be seen, 
samples of 10 mm thickness and beyond may be studied. 
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3.3.4 Optimum cllrrent profiles/or 2 TPa in tungsten 
The current profil es required to genera te these optimum pressure profil es depend 
on the load electrode dimensions. For HEPP-ICE, a 10-mm thi ck sample wo uld have 
to be at least 20 mm in diameter to prevent edge effects spoiling the data. 
Therefore, we assume a 20 mm wide e lectrode and that the ratio of plate 
separati on to width never exceeds 0.5 . From pressure- fi eld calculati ons re lated to the 
"TopS PI CE model of the load" in secti on 3.6.2, we know that, at worst, the magneti c 
pressure fa ll s to 30% of the max imum pressure due to the separati on. So assuming a 
constant 30%-pressure rati o, whi ch is conservati ve, the optimum current profil es for 
HEPP- ICE can be found . These are shown in Figure 3-9 together with the known 
capab ili ties of the Z and ZR machines. 
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Fi gure 3-9. Optimum current profil es for Z/ZR and HEPP-ICE (no upper limit) to produce 2-
TPa isentropic EOS data for lung tell. Any profil e to the left of a given curve wi ll cause 
shock-up in that thi ckness. 
3. 3.5 Maximllm voltage required/or HEPP-ICE at 2 TPa 
From the data in the fi gure, the inita l rate of change of curren t rise, dlldt, fo r the 
HEPP-I CE machine dri ving a 10-mm tungsten sample is - 40 T Ais; thi s increases to 
180 T A/s at the time of max imum CUITenl. From the ca lculations of inductance 
presented in Appendix A, we ca lcu late the load inductance to be a maxi mum of - 8 nH 
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for a 2-cm long load sect ion of 2 cm wid th, with e lectrodes that have expanded to a 
separation of I cm (h/W = 0.5). The consequent vo ltages (L dlldt) would then be 
- 300 kV and I MV, respecti vely. These vo Jtages are within the capabilities of the 
EFF opening switches that are used to generate the vo ltage in HEPP-ICE c ircuits. 
3.4 Conclusions for 2-TPa ICE machines 
In conclusion, HEPP-ICE has clear advantages over other machines such as the Z 
and ZR machines at the Sandia ati onal LaboratOlY. Because of the longer cUlTent 
profi les inherent in the HEPP-I CE technique, and because the HEPP-ICE technique 
can obtain much larger cun·ents, larger pressures and larger samples may be studied. 
Moreover, the long H EPP-ICE pul ses (many ~ s) are better suited to the 
production of shock-free isentropic data at high pressures, and as there is exact B- fi e ld 
matching in the HEPP- ICE para ll el plate technique the accuracy is higher. In 
add ition, because thi cker samples may be stud ied, the times of fli ght of the 
compress ion waves across the samples will be longer, and th is leads to hi gher 
accuracies in timing and thickness measurements. 
3.4. 1 2- TPa HEPP-ICE experimenlal design 
The design of the 2-TPa system was published by Goforth [42]. The main current 
source is a 1.4-m long Ranchero FCG [46) , which is capab le of generating up to 
80 MA. This FCG will li ke ly require the Los Alamos Mk-I X heli ca l generator [47) to 
provide the "seed" magnetic fie ld, and two 500-kV cylindrica l EFFs [53), see " Ramp 
wave experiments on gas-guns" in Chapter I . In thi s des ign, the EFFs are arranged to 
produce a total voltage of I MV. 
A schemati c of the system is shown in Figure 3- 10, which is based on thi s 
author's prototype H EPP-ICE design described in thi s treatise. The prototype plate 
generator FCG has been replaced by the more powerful Ranchero FCG, but all the 
other components are essentially the same as for the prototype reported here, i.e., the 
stripline, load, EFFs, and polyimide clos ing switches. These components need onl y 
be des igned for the higher currents. 
The 2-TPa concept shown here requires further tudy before it is ready for 
manufacture. It has neither been buil t nor tested to da te. lonetheless, thi s des ign is 
based on tbe des ign principles that have been proven in the study reported here, and it 
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FCG 
Figure 3- 10. An arti st's sketch ofa 2-TPa HEPP-ICE experiment. The sketch shows the 
str ipl ine (S L), the l A-m Ranehero FCG, the two 500-kV EFFs, the load, and the positi on of 
the clos ing switches (CSws). 
onl y uses components that have been built and tested previously. Consequently, this 
design should work. 
3.5 Tim ing precis ion of the HEPP-ICE components 
The control of the vo ltage across the load, at the time that current is transfelTed to 
it, is crucia l to the success o f HEPP-ICE. This vo ltage determines the current profile 
in the load, and the load current profile detennines the maximum pressure that may be 
obtained before shock-up in the sample, see " Des ign of the optimum HEPP-I CE 
cunent profi le" in section 3.2. Moreover, if the vo ltage is allowed to get too high, the 
apparatus could breakdown electrically and no current would be transferred to the 
load. 
3.5.1 Shock- lip timing criteria 
Consider a s ituation where the perfect CUITent pro fil e has been designed according 
to the techniques described in secti on 3.2, but the relati ve timing between the EFF and 
closing switches happens to be off by a time ot in the actua l experiment. The EFF 
vo ltage ultimately detemlines the rate of ri se of the cu rrent (dJ/dt) in the load, because 
at any time, dl/dt = (Veff- JR) / L, and the combination of I and dl/dt determines when 
the compress ion wave will shock-up. 
Figure 3-9 showed plots of the optimum current profiles for the max imum 
pressures in various th ickness samples. If the current profile is designed so that it 
shocks lip after 10 mm of rlln di stance, then 9.5 mm cou ld be chosen as the thi ckest 
sample to avoid shock-up and thus obtain isenh·opic data ; this is a safety margin o f 
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5%. However, if the EFF vo ltage were 5% higher than designed , then the 9.5-mm 
sample would shock-up. 
The foregoing di scussion oversimplifies the re lationship between the relati ve 
times of the EFF and load switch and the load current profile. A more illuminati ng 
approach is to run the TopSPICE model of the experiment in the Monte Carl o mode. 
In thi s mode, all the uncertainties of the various components are accounted for. The 
model is run repeatedl y with each parameter vari ed within prescribed ranges, and the 
results show the likelihood of various current profiles being obta ined, see the "Monte 
Carl o runs" in section 3.9.1. 
The conc lusion from thi s work is that the relative timings of the EFF and load 
switches are crucia l. 
3.5.2 Over-voltage and shock-up 
The EFF vo ltage is a function of the FCG current flowing through it and the rate 
of change o f res istance, dRldt. The timing of the FCG is not criti ca l because the FCG 
current profile is relative ly flat a t the time of peak current. For example, for a peak 
current of 9. 1 MA , the FCG current stays within 5% of that value over a period of 
1.32 fl s. However, the EFF resistance changes rapidly with time, so the difference 
between the time of first motion on the EF F and the time of load switch closure is 
important. Consequently, the rate of change of voltage generated by the EFF in these 
prototype HEPP-ICE experiments, dVldt = IdRldt, ultimate ly determines the timing 
precision of the experiment. When the peak current in the EFF is 9.1 MA, for 
example, the mean rate of change of voltage across the EFF is III GY/s. For a 
typica l EFF vo ltage of 120 kY, a 5% imprecision translates to a max imum change of 
6 kY and timing difference of 54 ns between the EFF and the closing switches. As 
described in Chapter 5, the standard deviation of po lyimide switch closure was 56 ns 
by itse lf. Worse yet, the standard deviation of the EFF timing was 75 ns - see "EFF 
tolerances and timing jitter" in Chapter 4. C learl y, these numbers must be improved 
to reach the 5% goa l. To that end, a new EFF that uses an improved explos ive 
intitiat ion system is under development. 
3.5 .2. 1 Beneficial effect of timing sensitivity to vo ltage in the closing switches 
As described in Chapter 5, the time to closure of the po lyimide clos ing switches is 
vo ltage dependent; the sensiti vi ty dlldV = -0.58 pslV . Consequentl y, if the EFF opens 
early by a time -LJteff, the vo ltage at the prescribed time of polyimide switch closure 
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will be LJ1eJf IdRldl higher across the switch. Si nce the closing switch time sensitivity 
is negative, the effect of dlldV is to partially compensate for the over vo ltage of the 
EFF by closing ea rlier. The compensation is a small e ffect because of the small dlldV 
of the clos ing swi tches, as is shown below. If the clos ing switch time is reduced by a 
time LJlcs, the net change of time between the two switches is then 
/',. I ,d - tJ./_ = /',.1 ." 1+ 1--( dR dl ) 
'» - '" dl dV 
The time difference wou ld be zero if 1 dR dl = _I . 
dl dV 
everthe less, as dRldl = 
12.2 knls when the EFF opens, 1 would have to be 141 MA for the times to cance l 
I I ti 9 dR dl 0 06 I . .. f eac lOt ler. However, or I = . 1 MA, 1--= -. 4, so the vo tage sensitivity 0 
dl dV 
the polyi mide switch wi ll reduce the EFF timing error by 6.4%. 
It would be tempting to increase the sens iti vity dlldV of the clos ing switches, 
however, as shown in Chapter 5, thi s wo uld cause problems with paralle l switch 
combinat ions. 
3,6 Circuit modeling of H EPP-ICE 
For experimental design and subsequent data analys is, it is important to have good 
predictive models of the system performance. For the bas ic HEPP-ICE c ircuit this is 
not straightforward . The capac itor bank and c los ing switches may be modeled by 
simple circuit parameters, but the other circuit componen ts are dynamic. The 
explosive components and load are time dependent, and the load is also current 
dependent, so accurate dynamic models had to be deve loped for each. The plate 
generator (FCG) was modeled using tables of inductance vs. time, L(I}, and rate of 
change of inductance versus time, dL(I}ldl deri ved from experimental data, see 
Chapter 4. Na turall y, the EFF res istance is a dynamic function of time. Accurate 
models had to be developed for both components. The EFF mode l was a combination 
of an experimental resistance versus time relationship, R(t), and a ca lculated 
inductance model for L(I} and dL(I}ldl. Both of these models (FCG and EFF) can be 
predetermined before modeling. 
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3.6. 1 SCA T95 circllit code and Us replacemen/ 
The modeling of the first few HEPP-ICE experiments was done with SCAT95 
[48]. SCAT95 contained generi c models for most of the HEPP components used by 
the HEPP group. As the originators of thi s code were no longer ava ilab le to maintain 
it, and because ci rcu it models had to be written in 16-bit FORTRAN, it was unstable 
on more modern 32-bit and 64-bit platforms. This author decided to replace SCA T95 
with two separate packages, one for the data analysis and one for the circuit analysis. 
The SCA T95 ca lculations are not described in this documen t. 
A new and advanced graphical data ana lys is package (AnchoGraph) was written 
by thi s author in the C++ language, which sign ificantly enhanced the data analys is 
portion of SCA T95 . The circuit models required for H EPP-I CE were rewritten in 
forms suitable for modern SP ICE-based circuit codes [45]. There are many SP ICE-
based circuit codes ava ilab le at the time of writing, and these are maintained and 
marketed commerciall y. The author chose TopSPI CE [49] for the HEPP-ICE c ircu it 
ana lysis, as it is relatively inexpensive, stable and fast . The TopSP ICE circuit codes 
are full y compatible with PSPI CE® and other SPICE-based circu it codes. 
3.6.2 TopSPICE model of /he load 
The primary purpose of the HEPP-ICE TopSPI CE model was to optimize the 
performance of the e lectrica l circuit, rather than to predict the exact mechanica l 
response of the load. In practi ce, this model did a good job predi cting both the 
e lectrica l performance of the circuit and the mechanical response of the load. 
The load inductance increases with time as the B-forces increase the separation, h, 
so we must ca lculate both its L(I} and dL(/}/d/ dynamically during the c ircuit 
ca lcul ation. Prev ious ly, thi s had been so lved by combining separate circu it and 2-D 
hydrocode calcul ations in an iterative process. 
The iterative process started with a circuit ca lculati on using SCAT95 (as in 3.6. 1) 
and an estimated L(/). The load current thus obtained from the circu it calculation was 
placed in the hydrocode. The hydrocode ca lcul ated the separation of the inductors 
with time, and L(/) was thus derived using the ana lyt ical techniques described in 
Chapter 2. The new L(/) table was then inserted into the SCA T95 ca lcu lation and the 
cycle was repeated. Typica lly, three to four cycles were required before the 
ca lculations converged to a stab le so luti on. This was a slow and tedious process. 
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0 .0 0. 1 0.2 xJW 0 .3 0 .4 0 .5 
Figure 3- 11 . A plot o f Equati on (3.4) showi ng the relative magnetic fi eld and pressure 
normal to the electrode from the center (xfW = 0) out to the edge (x/W = 1/2) for various 
ratios of d/W; these plots onl y apply to a uniform current density. The mean B-field and 
pressure are close to those at x = W/3. 
A TopSPICE circuit model has Sttlce been developed by the author that 
incorporates the I-D physics of the load to a first order approximation. 
3.6.3 Load model for lIniform clIrrent distriblltion 
Originall y, the TopSPI CE model ca lculated the mean Jx B-forces as a function of 
the ratio of e lectrode separati on, h, to electrode width , W, (i.e. , hl W) for uniform, 
equal, and opposing linear current density distributions (J); see Equation (2.4) in 
Chapter 2. Writing Py(r) for the magnetic pressure in the y direction (non11al to the 
plates) versus the position a long the plates (x) the pressure becomes 
P (x)=-- atan---+atan- + -PoJ ' [ W x W x] 
!' 27! 2h h 2h h 
(3.4) 
This solution is shown graphica lly in Figure 3- 11 where the ordinates have been 
normalized to the B-field and pressure on the plates for near zero separation at the 
center of the plates, i.e., Y' j1",/, and the abscissas are shown as the relative di stances 
from the cente r in the x direction . 
From Equation (2.4) in Chapter 2, for a uni form current density, the mean 
magneti c fie ld and pressure across the fu ll width of the elec trodes are close to those at 
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x = W/3, i.e., the fi eld and pressure at a third of the width from the center. The table 
shows the quality of the approx imation; the error is at most abo ut 3%. 
hlW Pmean+ P(W/3) Consequentl y, the TopSPI CE load model 
0.08 0.967 ori ginally used peW 13) as the mean pressure and 
0.40 1.032 the isentropic acceleration of the plates was then 
1.00 1.01 5 detemlined from thi s mean pressure and the wave 
impedance of the plates, as is described below in 
"Transmission line ana log to load plates" 
3.6.4 Load model for non-uniform current distribution 
It was found in practice that the uniform current approxi mation tended to over 
predict the pressures attained in an HEPP-ICE experiment, because the B-field 
distributions under transient conditions were significantly di ffere nt to those shown in 
Figure 3-1 I, see Chapter 2. 
Fortuitously, the increased current density at the edges causes the B-field 
di stribution to be more uniform than that for a uni fo rm current distribution, but the 
central pressure is smaller. The results o f the transient calculations of pressure 
distribution are compared to the uniform CUlTent density, steady state (DC) analyti ca l 
solutions in Figure 3- 12. 
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Figure 3- I 2. Comparison of the analytical DC solutions (dotted lines) with the transient 
solutions from FlexPDE for various va lues ofh/W. Note the uniformity of the transient 
pressures in the central region compared to the DC so lutions. 
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As before, all data are normali zed to the pressure on the plates for near zero 
separation at the center of the plates, i.e., P = + PoJ ' . Both the modulus of the 
pressure and the pressure in the y-directi on are plotted in the figure, but they cannot be 
distingui shed from each other over the central 95% of the width of the conductor. 
Consequently, onl y the Py data were modeled in the TopSPICE model. 
3.6. 5 FlexPDE static solutions compared to analytic solutions olB-field 
distributions 
To test th e accuracy of the Flex PD E model, the ca lculations were repeated under 
static (zero frequency) conditions where the rate of change of CUITent (dJ/dt) was zero. 
When dJ/dt is zero the inductive effects that favor CUITent fl ow at the edges no longer 
apply, and the current density should be perfectl y uniform. The results of that 
FlexPDE ca lcul ati on, which are not shown here, demonstrated the correct, perfectl y 
uniform current dens ities, and the B-fi e ld solution was in close agreement ( i.e., wi thin 
the en'or limits of the ca lculation of 0. 1 %) with the analyti c DC so lution of (3 .4) and 
Figure 3-1 2. 
3.6.6 Transient pressure load model 
It was found that the transient pressures III the central fl at regIon of the 
di stributions in Figure 3- 12, Py, could be fitted with a simple logarithmic functi on, 
within an error of 0.5%, to the theoreti ca l peak pressure P = + PoJ ' (the pressure for 
near zero-separation at the center of the plates); thi s expression is plotted in Figure 3-
13. 
; = 0.11 853- 0.2 164 I Xln ( ; ) (3 .5) 
The rati o of h1W rarely exceeds Y, before the EOS phase of the experiment is 
over. For a 12.7-mm electTOde width, the two electrodes will have separated by 
6.35 mm for h/W = \/" i.e. , by 3. 175 mm each, and the pressure will fall to 27% of P . 
In practice the duration of isentTopic compress ion in a typical ICE experiment is of the 
order of 500 ns, and the electrodes will typica ll y move by - I mm in this time, i.e., a 
total of - 2 mm or h/W = 1/6; the pressure is then reduced to - P 12. 
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Figure 3- 13. The ratio orthe transient pressure in the center or 
the electrodes to the theoreti cal pcak pressure as a function or 
It is clear that thi s 
logarithmic reduction in 
pressure, as the 
electrodes repel each 
other, ultimately limits 
the peak pressure 
attained in an HEPP-
ICE experiment. To 
maximize the pressure it 
tS advantageous to 
h/W . The points are the res ults or tile Fl ex PDE eode minimize the dynami c 
calculati ons. 
separati on h of the 
electrodes. This can be done by the use of high wave impedance electrodes such as 
tungsten or go ld, see " High wave impedance load electrodes" in secti on 3.8. 1. 
This solution for the e ffecti ve central pressure on the electrodes was incorporated 
into the TopSPI CE model for the load. With it, the model calculated peak pressures 
that were c lose to the experimental va lues. The quali ty of the load model tS 
demonstrated fo r ICE-14 and 16 in section 3.8. 1, "Test of the TopSPICE model ." 
3.6.7 Transmission line analog to load plates 
The wave propagati on and refl ecti on in the expanding electrodes were modeled as 
all e lectromechanical analog, where mechanical parti cle ve locity was equated to 
electrica l current and mechanical pressure to e lectri cal vo ltage [50]. In the analog, 
each load with a free surface at the rear face is trea ted as a short-circuited transmiss ion 
line. The electri cal impedance o f the transmiss ion line Z was equated to the acousti c 
wave impedance of the load. The wave impedance is the product of mechanica l 
Lagrangian wave speed CL of the pressure di sturbance in the plates and the initial 
dens ity of the plates, po, i.e., Z = cLPo. The delay time of each transmiss ion line was 
set to its length di vided by CL. There was one problem here. CL is a fun cti on of 
pressure and thus increases w ith time during the ICE experiment. At the time o f 
writing the author has not been able to model such a dynamic transmission line in 
T opS PI CE, because the code goes unstable. Consequentl y, the wave speed was set to 
the estimated mean ve locity in the transmiss ion lines. 
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Having set the velocities, the particle velocities of the plates were then equated to 
the input currents of each of the transmiss ion lines. Note that these currents (partic le 
velocities) wil l differ as the reflectio ns retum from the short circui ts (free surfaces) at 
different times, depending on the time de lays in each load. Each particle velocity was 
then integrated to obtain the special separations of the plates, d. 
3.6.8 Load inductance 
The load inductance L(t) was ca lcu lated according to Equat ion (3.6) where K (IV«lj, 
a function of W/d, is an ana lyti c so lut ion for the correcti on factor for separation [5 1] 
and I is the length of the conductors. K = I when W/d is large and K = )/, when W/d = 
I. 
( d(t) ) L(t ) = f.1oK C" ) X - I I"" W (3.6) 
The complete ICE-load model is shown in Figure 3- 14, and the corresponding 
TopSPI CE input deck is given in Appendix C. 
hI 
[ID-; 
h' rl---. 
... , 
SImulation of dynamic 
inductive loads 
Calculale ~ux (Ul IOL""''''Q 1 lX 
GI. 
L = f(hIW) 
ZD-{ll ) 
TO-{TOI} 
ZD-{ll) 
Jl>o{1D2, 
Electromechanical analogs of 2 samples in ICE expt 
Gel Ksh(hIW) ...... 
P-reduction factor f(hIW) 
_hl.h2 j-.....JL.J_ ...!l._ -'-_ --"-_ -'-_ L.J __ -' 
Gel JOt;J' f(hIW) 
Integrates Up 
Figure 3- 14. TopSPICE schematic oflhe ICE load simulation circuitllsing an electro-
mechan ical ana logy. The corresponding TopSPICE library file is provided in Appendix C. 
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3.7 Complete HEPP-lCE circuit model 
All these separate models have been incorporated into one TopSP ICE ci rcuit, 
shown in Figure 3- 15, whi ch provides the rapid and reasonab ly accurate calcu lations 
of ICE circuit perfonnance. T he load circuits, X I and X2, are each the models shown 
in Figure 3-14, thus represen ting two pa irs of parallel samples . For the purposes of 
monitoring the performance, the "output" terminals of X I and X2 give the va lues of 
the applied pressures P I-P2 and the surface displacements, h 1-h4. T he othe r models 
are: Xplt the flux compress ion generator; XSwl the capacitor bank closing switch; 
HEJetSw for the polyimide or Procyon closing switches; and Xeff the explos ive ly-
formed-fuse opening switch. C l , Lb and Rb are the capacitance, inductance and 
resistance of the capacitor bank, its cables and connecti ons between the bank and the 
l b X1 Jr~~~\.--,I",n t-J~''} Ls ICE LOAD Pmag 
bank
46nH l.bj~::::¥,g,.~-':"':~/I,' ff~EF-F-r- -W-~·.:..:a:::.d __ ~B~; 
~ E X.2 
er :: ICE LOAD 
J~~ x ~ ~ 
C1 w 
BmF ~ 
1C.194kV t------~---------4-------=-' 
Figure 3-1 5. The complete TopSPICE ci rcuit simulation for HEPP-ICE experiment ICE-
14. XI and X2 arc the load simulation ci rcuits of Figure 3- 14. 
experiment; Ls is the storage inductance; Rd iff represents the effecti ve d iffusion 
res istance of the primary c ircui t, i.e., of all parts of the circuit not in volving the load . 
The diffusion losses in the load are represented by Rsk in . An additi ona l inductance, 
Lsw, may be added to represent the tTansmission line inductance to the closing 
switches (the closing switches have the ir own inherent inductances); and Ltpr is the 
inductance of the taper between the transmission line and the load. 
It has been found that the circuit response of the po lyimide switch may be 
acc urately modeled by a sing le switch, but the Procyon switches need to be presented 
by three parallel switches, each with d iffe rent closing times to represent the timing 
jitter in swi tch c losure. Further detail s may be found in the TopSPICE li sting for 
X HEJ ETSW in Append ix C, and in Chapte r 5. 
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3.7.1 Diffusion losses 
The diffusion losses in the capacitor bank circuit were incorporated in the bank 
resistance Rb, and this value had been obtained by fitting the accumulated data, from 
scores of experiments over many years, to obtain the best fit. 
Diffusion losses in the FCG were accounted for in the L(t) and dL(t)ldt models of 
the FCG presented in section 3.7.2, "4x5 Plate Generator FCG model." Similarly, the 
diffusion losses of the EFF were· intrinsic to the complete model of section 3.7.3. 
To complete the circuit model for full HEPP-ICE experiment, the diffusion 
resistance losses in the strip line and load, Rdiff and Rskin, had to be estimated. It was 
assumed that the diffusion was linear, i.e., that the conductivity did not vary with 
temperature or time, which was clearly an oversimplification. The problem was also 
assumed to be comparable to a transient sinusoidal magnetic field of the form B = 0 
for t < 0, and B = Bo sinwt for t ;::0. 
The resistances were calculated for the limiting high frequency case, where the 
current flows in a thin sheet of metal on the surface, with a thickness equal to the 
harmonic skin depth [52]. This skin-depth, 0, is related to the diffusion time t, the 
conductivity, 0; and /10. Using 8, the resistance can be expressed as a function of time 
R(t) thus 
8 ~ Po~(T 
R(t) = _!._) Poll" 
W (Tt 
(3.7) 
3.7.1.1 Diffusion in the load 
The mean linear current density in the load circuit is large, and it rises rapidly 
from zero to >400 MAIm in -500 ns. (Also, the initial current flow concentrates on 
the outside edges ofthe conductor, see Chapter 2.) Consequently, the Joule heating in 
this layer is significant, and the temperature of the skin depth rises rapidly; it may 
cause the surface to melt, vaporize, or ablate. Of course, the electrical conductivity of 
the metal is a strong function of temperature and material state. Moreover, the 
electrical conductivity of a metal increases with applied pressure. These combined 
effects cannot easily be modeled without an advanced equation of state of the 
conductor and an MHD hydrocode such as ALEGRA [38]; these tools were not 
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available to the author. Moreover, the application of such a hydrocode is an expensive 
and time consuming procedure to solve a relatively simple problem. Instead, the 
diffusion losses were first estimated as shown below. Then small adjustments were 
made to the actual values used in the circuit to match the data and perfect the model. 
Once set, these values were good for all experiments. 
The load is typically 1.27 cm wide and has a length of 2.5 cm. Taking into 
account the effects of the taper it has an effective length of -3 cm; for the combined 
resistance of the two surfaces the length is 6 cm. For a current rising in 500 ns and a 
copper conductivity of 17.2 n~lm, Equation (3.7) gives a resistance of 1.7 mn at a 
temperature of 300K in OFHC copper. In practice, a resistance of lA mn provided a 
better fit to the data of experiments like ICE-14, where currents of the order of 5 MA 
flowed in 1.27-cm wide copper loads with risetimes of -500 ns. 
3.7.1.2 Diffusion losses in stripline 
The resistance Rdiff was estimated in the same way as for the load. Here the 
current density was -20 MNm, and therefore much lower than for the load. So the 
effects of surface heating were significantly reduced compared to those of the load. 
The resistance becomes most significant during the final phases of the FCG operation, 
when the current rise is at its fastest. The current doubles in the last 2.5 ~s of 
operation. Assuming this to be the most significant period of the current rise, and 
taking a resistivity of 70 nn.m for the brass transmission line at room temperature, we 
find the resistance from Equation (3.7) is 332.5 ~n per square for each of the upper 
and lower surfaces, i.e., 332.5 ~n x length / width. 
Given that the transmission lines between the EFF opening switch and the flux 
compressor are roughly square (-60 cm. long and -60 cm. wide) the resistance of the 
top and bottom plates is 665 ~n in total. Using the same approach for the complete 
current rise of the FCG, i.e., 15 ~s, the resistance would be 136 ~n per square, or 
272 ~n in total. In practice it is found that the experimental data were best matched 
by a value of 800 ~n, i.e., about 20% higher than the estimate. This may have been 
due to the non-uniform current distribution around the connection between the EFF 
and the transmission line, which reduces the effective conductor width. 
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3.7.2 4x5 Plate Generator FCG model 
This model is based on the characterization experiment of the 4xl, 4-in. x 5-in. 
plate generator described in Chapter 4. From the results of that experiment two 
numerical tables were generated of the inductance L(t) and the resistance R(t), where 
R(t) includes both the rate of change of generator inductance, dUdt, and dissipative 
resistive losses. This FCG model contains a lookup table of relative inductances 
versus time, Lfcg(t). Lfcg(t) was obtained by integrating dUdt and R(t), so the effects 
of losses were included in the table. The table was normalized so that it varies from 
unity down to a minimum. The actual inductance can then obtained by multiplying 
Lfcg(t) by the peak inductance, Lx, which is usually set to 265.9 nH. The full circuit 
description is included in Appendix C. 
The key to the circuit operation is in the use of a subcircuit to simulate the 
variable inductance. The product of the input current, Iin(t), and the normalized table 
Lfcg(t), is injected into the fixed inductance Lx, see Figure 3-16. The voltage across 
the inductance Lx, i.e.,Lx :t {I;n (t)L'cg (t)} , is then copied (mirrored) by a voltage 
generator, Ein, which is placed in series with the input circuit. In this way the voltage 
across Ein appears as if it were generated across the variable inductance Lx x Lfcg(t). 
The input resistor, Rin = 1 pn, was necessary for stability, because the TopSPICE 
code is unstable with a zero resistance input. 
in 
Rin 
1p 
<= 
X 
~ 
u 
W 
I 
Rdiff 
+ 1 Ein = ~{Lx lin(t). Lfcg(t)} 
dt 
....... """"--1 out 
Lload 
lin x Lfcg 
_--I~L 
Lx 
Figure 3-16. TopSPICE model of 4xl, 4x5 plate FCG. The subcircuit on the bottom right 
sets the current in the inductor, Lx, and the voltage across Lx is mirrored by Ein. 
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The circuit includes input and output crowbars, Xin and Xout. Each of these is 
based on the high explosive closing switch model, HECSW, that will be described 
later. The impedance of the input crowbar is set by Rcrow, the output crowbar is set 
by the skin effect losses, Rskin. Rskin is calculated internally unless Rdiff is non-
zero, in which case Rskin = Rdiff. These switches also include snubber circuits * (not 
shown) to suppress the ringing generated by numerical transients on switching. The 
optional input parameters are shown in the table. 
Table 3-l. Input parameters for FeG model. 
~--.-------. .----------------------,----:----,-----, 
I Param~t~~_ ,-' -,----,_-:-_---,-____ -,-_________ -'-I_D_e_f1_au_l_t_v_a_Iu_e-----! 
. i Tstart ' Starting time of FCG operation 0 secs 
~ i Rcrow I Input crowbar impedance 
i 
._._-------
Lnom Nominal starting inductance. Adjustment allows for 265.9 nH 
what-if calculations for different generator 
! dimensions LI External diffusion resistance; if zero it is calculated I internally. RskinQ 
3.7.3 Explosively-formedfuse (EFF) 
The Explosively-Formed Fuse (EFF) opemng switch is an explosively-driven 
device, invented by J.H. Goforth [53, 54]. It has been successfully used by the High 
Explosive Pulsed Power (HEPP) group for over three decades, at the Los Alamos 
National Laboratory (LANL), as the primary opening switch design for high current 
applications. 
The EFF is primarily a high current device. In EFF systems, the switch has 
interrupted currents from -10 kA to 25 MA, thus redirecting the current to low 
inductance loads. The magnitude of transferred current is determined by the ratio of 
storage inductance to load inductance, and with dynamic loads, the current has 
reached 20 MA. A 76-cm long version of the switch is capable of developing 500 kV. 
In a system with 18 MJ stored energy, the switch operates at a power up to 6 TW. In 
the course of development of the switch for general high voltage applications, there 
was a noticeable and unexpected degradation in switch performance. Using 
• Snubber circuits are designed to suppress switching transients. In this case they comprise a capacitor 
of I nF and resistor of 100 n in series. 
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cylindrical EFF switches of 10 cm diameter and 43 cm length, currents of 
approximately 3 MA were interrupted, producing -200 kV. This indicated that the 
switch had an effective resistance of -100 mn whereas 150-250 mn was expected 
from previous work. Eventually it was learned that the switch performance in the 
10-cm diameter EFF was limited by explosive initiation problems, peculiar to the 
10-cm assembly, and these were corrected. However, this was not before the small-
scale tests were performed. 
To understand the lower performance, and to optimize the performance of the full-
scale experiments, several parameters were studied in a series of small-scale 
experiments, including: electrical conduction through the explosive products; current 
density; explosive initiation; insulator type; conductor thickness; and so on. Previous 
studies [53] had suggested that electrical fusing, following mechanical deformation, 
performs a primary role in EFF operation. In these more recent studies performed by 
this author [55], it was shown that electrical fusing performs a secondary role, and that 
the primary mechanism of switch operation is hydrodynamic deformation of the 
conductor. Moreover, the results showed a marked dependence of EFF resistance-
time profile on current density, and strong dependences on metals and metal 
properties [56]. 
The EFF design comprises a Teflon die, an explosive drive system, an aluminum 
foil, return conductor and insulation. A sketch of the EFF is shown in Figure 3-17 in 
the small-scale planar version for clarity. The Teflon die is a 19.05 x 165.1 x 
l65.l.mm (0.75 x 6.5 x 6.5 inches) block. A series of 12.7 mm deep, 6.0 mm wide 
grooves are cut across the block with a center-to-center spacing of 7.5 mm. The 
conductor is a 812.8-Jlm (0.032 in.) thick 6061-T6 aluminum foil. When the 
explosive system at the top is detonated, a plane wave detonation propels the foil 
downward into the Teflon die. The aluminum is subsequently extruded into the gaps 
between the teeth, and as it does the foil is stretched and thinned along the side walls 
of the gaps. Consequently, the length of the conductor is increased and its cross-
sectional area is reduced. Moreover, the metal is heated by a combination of the work 
done in stretching it, Joule heating, and the action of the hot explosive gasses against 
it. Since the resistance R = 171/ A, where 17 resistivity, 1 the length and A the area, the 
resistance rises rapidly (over a few microseconds); the rise is highly reproducible. For 
more details of the physics of the EFF operation see ref. [56]. 
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Figure 3-17. The planar version of the EFF. The P-I OO plane wave lens and PBX-950 1 
explosive extrude the alumi num foil down into the gaps between the Tenon teeth . 
3. 7. 4 Descripfion of/he EFF Resisfonce Profile 
A number of fea rures in the resistance profil e are referred to here, in particular 
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Figure 3- 18. Typ ical resistance plot showi ng 
the kcy featurcs of an EFF profile. 
first 1I10/ion, the knee, and the peak; see 
Figure 3- 18. The magnirude of the 
resistance fearures depend on the 
geomeny of the switch, but these 
feahlres are always present. Firs/ 
1I10/ion is the time when the shock 
wave fro m the detonating explos ive 
arri ves at the interface between the 
aluminum foi l and the plasti c die. It is 
characteri zed by a nega ti ve step on the 
resi stance plot due to the compress ion 
of fl ux within the switch. Wherever 
possible the time axes of resistance 
plots are normali zed to thi s first mot ion. The Imee is a saddle point in the resistance 
ri se that occurs typically 3 IlS after first motion. The struchlre of the resistance rise 
from the knee to the peak determines the shape of the vo ltage profile across the switch 
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[56]. The peak is the maximum resistance of the switch before the resistance falls; the 
peak is usually reached about 4.5 liS after first motion. 
3.7.5 Design of the cylindrical EFF 
The findings of the small-scale EFF study were used to design the EFF used for 
ICE and the cylindrical design is described in Chapter 4. 
3.7.6 EFF 1100 model 
The "EFFII00" model is a complete model of EFF behavior designed for ICE 
experiments, see Figure 3-19. Without any input parameters it models the behavior of 
small scale EFF experiment EFF-41, an EFF using a P-lOO plane wave lens, with the 
standard Teflon die (1.5 by 6 by 12.7mm) and 9 teeth. The conductor is a 32-mil 
thick, annealed aluminum 11 00 foil. The model contains the empirical R(t) data and 
allows for flux compression by shock compression of its inductance. 
It was originally assumed that the current density was close to that of the nominal 
current density of EFF-41, i.e., 497 kA across 6.35 cm or 78.3 kNcm. This is 
important because the resistivity was expected to change for current densities that 
Hi Rx 
lin 
... Ein 
=V(Rx) RR 
+V(Lx) 
Loul 
Lx 
lin x LL 
{exp(-tll 
Ils)-l} 
Figure 3-19. Circuit model of EFF II 00. 
were substantially different from the nominal value. The results of an extensive 
small-scale EFF study originally suggested that the peak resistance scaled with inverse 
magnetic pressure, and this model took account of that. The author's recent 
investigations have cast doubt on that hypothesis. The model now distinguishes 
between the small scale and cylindrical experiments. For now, it is recommended that 
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the peak current densities are kept within +100% to -50% of the nominal and that Ipk 
is set to 78.3 kA/cm x Wcm. 
Table 3-2. Optional parameters for the EFF 1100 model. 
Parameter 
Tstart 
Wcm 
i Nteeth 
Lexpt 
i Lcomp 
I 
Ipk 
Time of first motion, secs. This should be set to 
match the experiment, 
I Conductor width or circumference, cm. 
i Number of teeth 
Inductance enclosed in EFF, Henries 
I Inductance compressed during HE action, Henries 
; 
Expected peak value if other than nominal current 
density - this is used to modifY the peak switch 
resistance in small scale EFFs. 
, I RadJ I Multtplier for R(t) resIstance profile. 
, 
SmallScale Set to zero for cylindrical switches 
Default value 
0 
6.35 
41.3 nH 
13.5 nH 
I 
497kA x 
(Wcml6.35) 
, 
1 
Scaling for the width and length is provided by adjusting the number of teeth 
(Nteeth) and the width (Wcm). To scale the peak resistance artificially use Radj. This 
changes the baseline R(t) profile (the final resistance is still scaled by the dimensions). 
The key to the circuit operation is in the use of two subcircuits to simulate the 
variable resistance and inductance of the switch. The product of the input current, 
Iin(t), and the normalized resistance table R(t), is injected into the fixed resistance RR, 
see Figure 3-19. Similarly, the product of the input current and a simple exponential 
fimction{e-tl1,u, -I} is injected into inductance LL - this simulates the effect ofthe flux 
compression in the EFF. (The exponential function was matched to experimental data 
by trial and error.) The sum of the voltages across RR and LL, 
i.e.,I,n(t).RR.R(t)+LL:r {I'n (t) (e-t/1,u, -I)}, is then copied (mirrored) by a voltage 
generator, Ein, which is in series with the input circuit. In this way the voltage across 
Ein appears as if it were generated across the variable inductance and resistance. Lout 
represents the inductance inherent in the EFF. The TopSPICE input deck for this 
model is given in Appendix C. 
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3.7.7 Explosively Driven Closing Switch Model (HECSW) 
The model provides a closing switch that simulates the conventional closing 
switches used in HEPP, as opposed to the HEJetSw model that simulates the Procyon 
and polyimide closing switches in section 3.7.8. The times Tstart and Ton, and the 
resistances Ron, Roff are self-explanatory. The switch comprises a pair of aluminum 
angles, separated by four sheets of 250-j.lm thick polyethylene. The angles are 
356 mm (14.0 in.) long, 50.8 mm (2.0 in.) wide, and 6.35 mm (0.25 in.) thick. Two 
detonators are placed 76.2 mm (3.0 in.) either side of the center in thin copper wells. 
When they are detonated they drive the copper wells across the polyethylene, thereby 
puncturing it and closing the circuit. Each switch typically conducts -1 MA 
maximum and can withstand 40 kV before closure. 
Rsnub and Csnub (not shown) comprise a series snubber network across the 
switch, which serves to suppress numerical oscillations in certain instances. The 
default values of the model essentially remove the effect of the snubber because the 
resistance is too large. It has been found that I n and I nF are good choices if the 
circuit solution oscillates dramatically on switch closure. For example, the closing 
switches used for closing a capacitor bank circuit do not need a snubber; but the 
switches inherent in the parallel plate FCG model need a 1 n and I nF combination on 
the output crowbar. (Note that there is no need to add an additional snubber across the 
output of the FCG.) 
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Figure 3-20. TopSPICE circuit schematic of dielectric breakdown in the Procyon and 
polyimide explosively-driven closing switches, HEJetSW. 
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3.7.8 TopSPICE model of polyimide and Procyon closing switches 
The physics, operation, and modeling of the polyimide and Procyon switches are 
described extensively in Chapter 5. The TopSPICE circuit is shown in Figure 3-20 
and the code is included in Appendix C. (Details of the conventional, explosively-
driven closing switches are given in section 3.7.7.) 
Table 3-3. Optional input parameters for closing switch model. 
Parameter Default value 
Tstart I Starting time of switch operation Os 
Ton I Operation time of switch 20ns 
Ron I ON resistance 
Rof[ i OFF resistance 100kn 
Rsnub i Snubber resistor designed to suppress numerical if IMEGn 
i instabilities. Try I n if the circuit oscillates. , 
. 
Csnub Capacitor in series with Rsnub as part of snubber InF 
circuit 
3.8 Results of TopSPICE code calculations 
3.8.1 Test of the TopSPICE model calculations 
The best experimental VISAR data obtained to date were from experiment ICE-
14; the full details of the experiment are presented in Chapter 6, and the analysis of 
the EOS data are in Chapter 7. Because of a poor explosive charge in the EFF, the 
peak EFF voltage was lower and occurred later than calculated by the model. 
Consequently, for this experiment, the peak resistance of the EFF was reduced by 
30% and the timing was changed to match the voltage data. So, the comparison of the 
electrical code and experimental data is tainted as adjustments were made to the 
model. However, the VISAR data comparisons have not been adjusted, so the 
comparison here is fair. Nonetheless, all the circuit data are compared for 
completeness. The data for ICE- I 6 are also compared, and here no adjustments were 
made. 
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3.8.2 VISA R velocity data comparison/or IC£- 14 
The results are presented in Figure 3-2 1. The TopSPI CE load model predicts the 
particle velocitie and pressures on the inside (magnetically-loaded) surfaces of the 
load. However, the VISAR data are always recorded on the outside free-surfaces of 
the load. Consequently, the inside partic le velociti es were obtained using the 
Backwa rd technique presented in Chapter 7. 
1000 
800 
~ 600 
E 
400 
200 
SPICE 
#4&#5 
o~~~~~~~~~~~~~~~~~~~~~ o 100 200 300 400 500 600 700 800 900 1000 
nsec 
Figure 3-2 1. Compa ri son of the particle veloci ties predicted by the TopSPICE code 
calculations and the values derived from the experimental data of ICE-14. Curves # I to #5 
are the experimental data . 
Given that the TopS PI CE model uses one-dimensional approximations to 
ca lcul ate the pressures and ve lociti es, the agreement is reasonab le. (The divergence of 
the experimental data from each other, and from the TopSP ICE pred icti ons, is due to 
redi stributions of CUITents and magneti c fields as the currents fl ow downstream 
towards the terminating short c ircuit, see Chapter 2.) 
The arri va l times of the relief waves after about 450 ns in the figure are on ly in 
fa ir agreement with the experimen tal data, probably because of the constant veloc ity 
assu mption that has to be made for the transmission lines in the model. 
3.8.3 Pressure comparisons /orICE- 14 
A similar compari son of the pred icted pressures from the TopSP ICE calculations 
and the pressures obta ined fi·om the experimental data by the Backward technique is 
shown in Figure 3-22. 
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Figure 3-22. Comparison of the pressures predicted by the SPICE code calcu lations and the 
values derived from the experimental data of ICE-14. Curves # 1 to #5 are the experimental 
data. 
The agreement does not appear to be as good as the partic le velocity data . 
However, the main discrepancy is between samples # I and #2 and the TopSP ICE 
calculations; there is agreement with #4 and #5 up to 450 ns. These differences with 
# I and #2 are li ke ly caused by the same redish-ibutions of currents and magnetic fields 
described previously. Again, after 450 ns the arri va ls of the relief waves caused the 
data to diverge, mainly because of the constant veloc ity approx imati on for the 
transmiss ion line ana logs of the TopSP ICE model. 
3.8.4 Comparisons a/electrical data, ICE- 14 and ICE- I 6 
Comparisons of the currents and voltages, predicted by the complete TopSPICE 
model of the H EPP- ICE circuit with the experimenta l results, are shown in Figure 3-
23 for ICE-14. As mentioned previous ly, the model usually predicts the circuit 
response accurately without and adj ustment of the parameters. However, the 
exception was ICE- 14, where the diffusion losses had to be increased to match the 
data, see section 3.7 .1.2, and the EFF resistance had to be artific ially reduced, as 
described above. Desp ite this adj ustment, ICE- 14 is used for an example here because 
of the high qua lity of the VISAR data, which allow the best comparison. The 
agreement for the other experiments is equa lly good. 
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Figure 3-23. Comparison or currents in the FCG, EFF, and load, and the load voltage 
calculated by the TopSPICE model results (red curves) and the experimental data (black 
curves) ror ICE- I 4. 
3.8.5 ICE- 14 current data 
I! 
9C 
The agreements between the ca lculated and experimental currents for ICE- 14 in 
the FCG and EFF are quite good, and the agreement between the load currents is a lso 
good for the fi rst 900 ns of current flow. Considering that the EOS portion of the 
experiment had been completed by then, the agreement is most acceptab le. 
3.8.6 ICE- 14 voltage data 
The most of the experimenta l vo ltage data in ICE- 14 were spoiled, so the only 
load voltage data bear comparisons. Viewing the figure, the agreement is seen to be 
onl y fair and thi s partly because of the difficu lty of measuring the voltage 
experimentall y. The measured voltage depends on the precise placement of the 
vo ltage probe, and hence the included inductance of the circuit will differ fro m the 
circuit model. Moreover, as described in Chapter 6, stray vo ltages were picked up by 
inductive coupling between the intense and rapidly chang ing B-field in the load and 
the surrounding vo ltage probes. The probe placement was improved for subsequent 
experiments. For example, the ICE- 16 vo ltage data were closely matched by the 
ca lcu lations, see below. 
Despite the experimental difficulties, the model ca lculated a smaller ini ti al load 
vo ltage by about one third , i.e., 38 kV vs. 25 kV. The ca lcu lated and experimental 
load currents matched closely, and as the initial vo ltage is Ldlldt before the electrodes 
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move, thi s meant that the initial inductance, rather than the resistance, had been under 
predicted, or that the measured voltage was in error. 
3.8.7 ICE- 16 comparisons oJ voltage and current data 
The agreement between the calcu lated and experimental cun'en ts for ICE- 16 in the 
FCG , EFF and load are as good as for IC E-14, Figure 3-24, but in thi s instance, no 
adjustments had to be made to EFF resistance. However, with the better placement of 
the voltage probes in ICE-16, the agreement between the calculated and measured 
load vo ltages is significantly improved. 
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Figure 3-24. Co mpari son o r currcnts in the FCG, EFF, and load, and the load voltage 
calculated by the TopSP ICE mode l results (red curves) and the experimental data (b lack 
curves) for ICE- t 6. 
Judging from these results, and others not shown here to conserve space, the 
agreement between the data predicted by the TopSPICE calcul ations and the 
experimental data is good enough to design experiments for HEPP- ICE app lications 
with confidence. 
3.8.8 High wave impedance load electrodes 
3.8.8.1 The dynamic e lectrica l impedance of the load 
The choice of e lectrode material s ultimately detetmines the maxtmum pressure 
than may be attained in the load samples. The electrica l conductivity of the electrodes 
is clearly an important parameter, but the material response under stress (pressure) is 
equall y importan t. 
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The load inductance L must c learly be minimized to optimize current transfer to 
the load, but more importantl y, the rate of change of inductance dUdl, i.e., the 
dynamic impedance, should be minimized . The dUd, teml is the di ss ipative (i.e., 
pseudo-res isti ve) circuit parameter that represents the work done in fi ll ing the 
ex pand ing volume between the electrodes w ith magneti c energy; the integral o f 
f , dL . I --.dl represents that energy expendIture. dl 
It is straightforward to obtain L by di viding the voltage by dJ/dl at the start of 
current fl ow in the load, because the IR teml vani shes when 1= 0. It is not possible to 
separate dUdt from R in the experimental data, because the current is fi nite, and IR is 
included in any voltage measurement. It is common to obtain L by integrating the 
load vo ltage to obta in the total flux and then di viding by the load current. The 
ca lcul ated L term can then be di ffe rentiated . 
v = d( LI ) + IN 
dl 
-'- f V.dl =-'- rr d( LI ) + 1R).dl = L +-'- flR .dl 
(3.8) 
I I Jl dl I 
Unfortunately, in thi s case the last term is not small enough to ignore because of 
the skin depth effects described in section 3.7. 1, " Di ffusion losses." 
The dynamic res istance dUdl can be estimated from the TopSPI CE model, 
because there the resistance is separate from dUdl. The circuit ca lculati ons fo r ICE-
14 give dUdl = - 3 mO at the end of th e usefu l experiment, whi ch is s ign ificant. 
Ex periment ICE- 14 had a max imum pressure of onl y 50 GPa, which was relative ly 
low compared to the goa l of reaching perhaps 250 GPa with thi s des ign. So larger 
dynamic electri cal impedances can be expected, and the max imum pressure attained 
wi ll be limited by this effect. The way to reduce thi s electri cal impedance is to use 
higher wave impedance materi als for the electrodes, e.g. , replace copper w ith 
tungsten. 
3.8.9 Higher acollstic wave impedance eleclrodesfor smaller dynamic eleclrical 
impedances 
As discussed in the secti on "Transmiss ion line ana log to load plates" in secti on 
3.6.7, the acoustic wave impedance is the product of wave speed c o f the pressure 
77 
Chapter 3 
5 
4 
E 
-g 3 
E 
2 
Copper 
Tungsten 
HEPP-ICE Circuit Design and Analysis 
di sturbance in the plates and the 
dens ity of the plates, p, i.e., 
Z = cp. The impedance is 
rea ll y the deri va ti ve of the stress 
u versus particle veloc ity 1.11' 
au 
curve, Z = - Consequently, 
au" 
~sec for a given change in stress, dcr, 
Figure 3-25. dUdt for ICE- 14 calculated with the 
TopSPICE circuit model for copper and tungsten loads. the conesponding change tI1 
particle velocity, dill" will be 
smal ler for a h igher Z material. If the partic le veloc ity is smaller, the electrodes do not 
separate as rapid ly, and dUdt is reduced. Consequent ly, if tungsten electrodes are 
substituted for copper the dynamic electri ca l impedance is rough ly halved, see Figure 
3-25. 
3.8.10 Electrode melting and vaporization considerations 
There is a further advantage of tungsten over copper. Tungsten has a me lting 
point of 3653 K compared to 1356K for copper at I atmosphere pressure, and a 
vapori zation point of 5773K versus 2853K for copper. Consequently, the tungsten 
electrodes will remain so lid longer than the copper in an ICE experiment, thereby 
reducing losses associated with e lectrode me lt ing and vapori zation . 
The electrical resistivit ies of copper and tungsten at STP are 16.8 nQ.m and 
50 nQ.m. When the skin effect is taken into consideration, the differences between 
these two res isti vities are not of great consequence. From Equation (3.7) the in itia l 
electrode res istances will vary as the square root of their res isti vi ties, i.e ., there will be 
a rati o of I. 72 between them. 
3.8. 11 Conclusions/or high wave impedance electrodes 
On ba lance, the tungsten electrodes are preferred to copper. The onl y 
disadvantage be ing the diffi cu lty of machining such a hard materi al. Tungsten was 
used as an example here, but other high impedance metal s could be considered 
including go ld, which has a density comparable to tungsten but an e lech·i ca l 
conductivity comparab le to copper. 
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3.9 Maximum pressures in prototype with tungsten load electrodes 
The ex periments descri bed in Chapters 6 and 7 were des igned for re lative ly fast 
ri setimes, i.e. , of the order of 500 ns. However, one sign ificant advantage of the 
HEPP-I CE system is that it can develop longer risetime pressure pulses than can other 
techniques. As described in secti on 3.2. 1, " Method of characteristics,"to reach the 
highest pressures without shock-up longer risetime current pul ses are required. Long 
ri setimes are eas ier to obtain in HEPP-I CE because lower EFF vo ltages are requ ired. 
In the following TopSPICE calcu lation, Figure 3-26, the standard prototype 
system was used and tungsten loads were simulated with thicknesses above 5 mm. To 
achieve a slower risetime the EFF was opened before the peak FCG current was 
attained, and the clos ing switches were closed earli er at 2 Jls after first mot ion on the 
EFF. As a lower voltage was required, the storage inductor was reduced to 15 nH 
from 25 nH , and thi s all owed a larger current to be developed in the FCG, I.e., 
12. 1 MA . 
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Figurc 3-26. TopS PICE ca lculation ofthc prototypc HEPP- ICE systcm adjusted for high 
stress, long duration measurcmcnts. Left: thc EFF and load voItagcs. M iddlc: thc stress in 
thc sample wi th a pcak of250 GPa (2.5 Mbar). Right: The currcnts in the FCG, EFF and 
load. 
The peak vo ltage was ca lcu lated as 50 kV, and the peak load current was 
I 1.3 MA . The 10% to 90% risetime of the load current was 1.4 IlS, wh ich is 
approximately double the ri setimes of the successful experiments performed to date. 
As shown in the figure, the EFF started to open when the FCG current was just 7 MA. 
The peak stress was 250 MPa (2.5 Mbar) and this is likely the best that can be attai ned 
in a single-stage prototype wit hout modificat ions. 
As the peak EFF voltage was on ly 50 kV, this allows improvements in c urrent 
transfer with modest changes to the design. Fi rst, the insulation thickness in the 
stripline could be reduced. Th is would reduce the stripline inductance, giving further 
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ga ins in load current. Second, the 25-pattem EFF modeled here could be modifi ed to 
a shorter EFF, because the 25-pattern was built to withstand 180 kV. For thi s 
applicati on, a 10-pattel11 could produce the vo ltage with less inherent inductance, 
which would lead to fu rther improvements cun'ent transfer. 
3.9. 1 Monte Carlo runs 
In designing an HEPP-ICE experiment it is velY useful to know how sens itive the 
performance is to vari ous ci rcuit parameters. For example, if the EFF functioned too 
earl y it is possib le for the vo ltage to go too high, thereby causing a di electri c 
breakdown in the system. Similarl y, if the c losing switches fun ctioned too late a 
breakdown could ensue. As there are good stati sti ca l data for the clos ing switches and 
the EFF (in Chapters 4 and 5), it is poss ible to perform probabili ty ca lculations o f the 
effects of switch timing, bank vo ltage vari ation, inductor variation, etc. In thi s way, 
we can adjust the circuit design to minimi ze the probabil ity of dielectri c fa il ure or to 
optimize the pressure profi le, or both . 
In TopSPI CE and other TopSPI CE-based circuit codes it is poss ible to perform a 
Monte Carlo simulation of these variati ons. Alternatively, larger vari ations can be 
specified so that the designer can determine the best range of operation for the c ircui t. 
In the example be low, the data used to ca lculate the 250-MPa experiment, Figure 3-
26, were modifi ed by allowing the times of operati on of the FCG, EFF and c los ing 
switches to vary with tandard deviations (S D ) of 100 ns, 200 ns, and 200 ns 
respecti vely. The TopSPI CE software was then set to va ry these parameters randoml y 
within 3 SDs of their means, and the ci rcui t calculation was performed 30 times wi th 
these parameters va ri ed randomly from ca lculati on to ca lculation. The whole process 
took approx imately 5 minutes on a modest PC. 
The results are shown in Figure 3-27; they show the 250-G Pa peak load pressure 
is insensitive to the switch times, if the switch does not close later than 85.8 J.!S. The 
majori ty of the ca lculati ons show that the peak EFF voltage is below 50 kV . 
However, there is one errant ca lcul ation where the EFF vo ltage exceeded 65 kV. 
Clea rly, the circuit des igner e ither should insulate the system to withstand at least 
70 kV o r should adj ust the timi ng to keep the vo ltages within 50 kY. 
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Figurc 3-27. Rcsults of Monte Carlo TopSPICE calculations 
displaycd from 80 to 87.5 ~I S. Top: The calcula ted prcssures. 
Bottom: thc ca lculated EFF vo ltages. 
81 
CHAPTER 
FOUR 
HEPP COMPONENT DESIGN 
This chapter describes the des igns o f the Explosively-Formed Fuse (EFF) , the 
Flux Compress ion Generator (FCG), the stripline, the current joints, the insulation, 
and the load. Detail s of the di agnosti cs may be found in Appendix D. 
4.1 EFF Opening Switch for HEPP-ICE 
4. 1.1 EFF liming 
The success ful transfer of current to an ICE load, with the correct current shape, 
depends on the precise timing of the opening switch. As with a ll the explosive 
components in the HEPP system, the timing of the EFF must, there fore, be accurate 
and predictab le. It would be very convenien t if an electron ic diagnostic could detect 
when the circu it parameters had reached a certa in stage in rea l time, such as the EFF 
developi ng a certain vo ltage. Then various switches could be initiated to transfer the 
desired current to the load. These switches would ha ve to have rapid response times 
of the order o f nanoseconds. 
At the time of writing, suitab le non-explosive switches are not ava il able and 
ex isting explos ive switches do not have fas t response times; they function in times of 
the order of 10 ,lS. Once the explos ive trains o f the vari ous components ha ve been set 
into motion, nothing can stop them or delay them. The functi on time of every 
ex plos ive component of the HEPP-ICE system is at least an order, of magn itude 
longer than the durati on of the CUITent transfer to HEPP-ICE load (- 500 ns). 
Consequentl y, each ex plos ive component must be highl y reli able and 
reproduc ible, so that the behavior and timing can be precise ly predi c ted before the 
experiment. 
4. 1.2 EFF liming experimenl 
The EFF is precisely synchronized by a coax ial detonati on system developed at 
Los Alamos. A camera test was performed to detel111ine the exact timing of the EFF. 
Chapter 4 HE?? Component Design 
Piezo-pin and Imacon streak camera diagnostics measured the delay and showed a 
uniform surface ripple of 40 ns over the enti re length of the switch. 
To date the EFF has performed ex tremely we ll , and has produced the required 
vo ltages reproducibly. However, as discussed in 4 .1.8, loose machining tolerances 
caused unacceptably large timing variations in early experiments. These problems 
were reduced for the later experiments, but more work is necessary to further reduce 
the vari ations. 
4.1.3 Slapper detonation system 
The 8-inch diameter, cy lindrical EFF shown in Figure 4-1 is precisely timed by a 
coaxial detonation (slapper) system that was deve loped at LANL. The slapper is a 
seri es of expl oding foil fuses, barrels, and PETN explosive pellets di stributed along a 
fl ex ible printed circuit strip. Each of these ban'e ls is a few mm in diameter and 
approx imate ly I 111111 long; too small to show in the fi gure. The foil fuses are burst by 
Tefion 
Sylgard 
gasket-
Stripline 
PBXN-112 -X2:1~~~~L 
Explosive 
Air gaps 
Tefion 
die 
3.464 (87.99) 
~§0L- PMMA 
slapper 
tube 
2.9604 
(75.29) 
a.oOB ~V"/I-- Aluminum (204.40) 
foil 
Pe llet 
centers 
PBX-9501 
Aluminum 
wall 
Slap per Explosive 
cable 
Fi gure 4- 1. Cross-section of the origina l cy lindrical EFF for experimcnt lCE-4. Dimensions 
are in inches (111m in parentheses). 
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the rapid di scharge of electrical current through them. These busting foil s then project 
di sks of polyimide insulation, the fl yers, along the barrels and "slap" them into the 
ex plosive pellets. 
4. 1.4 The EFF explosive 
The explosives initiati on assembly comprises two printed circuit slapper cables 
placed back-to-back. Each cable consists of a seri es of s lapper points and a 
hemispherica l or cylindrica l explosive pellet; each pellet is placed above a slapper. 
These pellets are typica lly spaced 18 mm apart along the length of the cable. The 
active length of each cable may va lY from 20 cm to 140 cm or more, depending on the 
annature design. The pellet count per cable typica lly ranges from 10 to 80, i.e. , as 
many as 160 pell ets may be attached within one armature assembly. The nyers 
impact the 12-mm diameter hem i-spherical pell ets of PET ex plos ive, which 
subsequently detonate. The detonating PET then initiates a secondary ex plos ive 
charge of pour-castable explosive, PBXN- I 10 or PBXN- I 12. Finally, thi s PBXN 
explosive initiates the main charge of PBX-950 I . 
4.1 .5 Modifiea/ions /0 EFF /0 delay breakdown 
4 .1.1.1 Exp losive bevel for ICE-6 
A key part of the cy lindrica l EFF insulation is the use of a pair of "top-hat" 
insulators that prevent electri ca l breakdown between the stripline and the aluminum 
fo il. The author realized that the detonation wave could destroy the outer top hat 
insulation before the experimen t was completed. 
Consider Figure 4-2 that shows the top of the EFF in more detail. The last 
explos ive pell et on the central slapper axis was 111 .6 mm away fi·om the vulnerable 
corner of the top hat, and the aluminum foil was 101 .6 mm away at the shortest 
distance. The detonation wave from the last pell et expanded spheri ca lly as if it 
originated fro m the center of the pe ll et. As the detonati on waves spread o ut, they 
traversed the different materials (PBX -112, aluminum, and PBX-950 I) with 
di ffe rent ve locities, and at different ang les. A calculation of the times of detonation 
wave arri val at the corner of the outer top hat and at the fo il (i.e., first motion), 
showed that the ti me difference between them was 1.2 fl s, which was too short in 
comparison to the action time of the EFF. 
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The EFF takes at least 2.8 ~s fro m the time of first motion at the foi l to the time of 
full vo ltage (see for example Figure 3-4 in Chapter 3). Therefore, the corner o f the 
outer top hat insulator cou ld have been damaged 1.6 ~ s before fu ll voltage was 
atta ined, and consequentl y there was a real possibility of intemal fa ilure in the EFF. 
One possible so lution was to de lay the shock atTiva l to the top hat. 
Last 
pellet 
Inner top 
hat 
Outer top 
hat 
Vulnerable 
corner 
Figure 4-2. Modifications to the mall1 PBX-950 1 
explosive in the EFF. (The image has been rotated 90° 
so that the top of the EFF is on the right.) A chamfer of 
explosive was removed to delay detonation damage of 
the outer "top hat" insulator. 
To de lay the shock 
alTiva l, at the corner a bevel 
was cut on the explosive, 
shown in Figure 4-2, wh ich 
left a 10 mm atr cav ity 
between the explosive and 
the corner of the outer top 
hat. The shock wave speed 
in the a ir fall s exponenti all y 
from - 8 km/s at the surface 
of the explosive to - 2 kmls 
at the far side of the air 
cavity. Compared to the 
detonation wave speed of 
8.8 km/ s In the high 
explosive, this bevel wo uld 
delay damage to the comer 
by - I ~s . This delay was 
benefi c ial but was not in 
itself long enough to full y protect the comer of the insul ator; a delay of 1.6 ~s or 
greater was needed. The chamfer could not be made any larger because relief waves 
from the edge of it wou ld interfere with the acceleration of the a luminum foil. An 
additiona l solution was to move the position of the last explosive pell et; this was done 
for ICE-8 and subsequent experiments. 
4.1.6 Modifications to EFF pallern- Iengthfor 1CE-8 
In the quest to protect the corner of the insul ator descri bed above, it would be 
advantageous to move the end pellets of the slapper system away from the corners. 
By the time of performing experiment ICE-8, the author had reali zed that longer load-
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current ri setimes were prefen'ed for high pressure experiments, and there fore , the EFF 
need not develop as high a voltage as it was originall y des igned (200 kV) ; see "Design 
of optimum HEPP-1CE current profi le" in Chapter 3. Consequent ly, the switch 
portion of the EFF was shortened from 30 patterns to 25, by removing five Teflon 
teeth , and the two end initiator-pellets were removed . The overall length of the body 
of the switch was unchanged so the di stance from the last pellet to the corner of the 
top hat was increased by - 18 mm, which was equ iva lent to an add itiona l 2 fl s of wave 
trave l in the explosive. In thi s way the corner was protected fro m explosive damage 
until after the useful period of the experiment was completed. The chamfer was 
retained for the shorter design. 
4.1.7 EFF tolerances and timingjiller 
As described in Chapter 3, section 3.6, the EFF timing is crucia l to con trolling the 
cun'ent profile in the load. However, in the course of firing the EFF, in experiments 
lCE-4 to ICE-I3, and ICE- 15 to ICE- 16, it was fou nd that the standard deviation of 
the EFF timing was 75 ns. (As wi ll be seen, ICE-14 was an outli er.) The EFF 
voltages for these experiments are shown in Figure 4-3. The shapes appea r ilTegular, 
ICE-14 
-0,5 0.0 0.5 1.0 1,5 2.0 2.5 3.0 
IJsec 
Figure 4-3. EFF liming jitler for all ex perimenls. The waveform limes were zeroed 10 fi rsl 
moti on (0 ~s) . The ICE-14 waveform is an outlier, and CW is the time of load switch 
closure on ICE- IS, 
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but that is because the timing relative to the peak FCG current, the inductances, and 
the times that the polyimide switches closed were changed from experiment to 
experiment. 
The time delays are summarized in Figure 4-4. The mean delay was 2.492 fl S and 
the standard deviation (S D) of times was 75 ns for all the experiments exc luding ICE-
14 which was fi ve standard dev iations from the mean. As discussed in Chapter 6, the 
explos ive in ICE- 14 (was imperfect and it can be seen to have been an outli er in tem1S 
of timing. (The time de lay for ICE- IS was noti ceably small er than the others, but it 
was not stati stically small enough to be exc luded as an outli er.) 
ICE 
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Figure 4-4. Histogram of the times taken from first motion to reach 35 kY for 
experiments ICE-5 to 16. ICE-1 4 was an outl ier that took 2.88 !I S to reach 35 kY. 
4. 1.8 Air gapsandEFFji/ler 
The jitter in the EFF was traced to excess ively large air gaps in the cyl indrica l 
EFF assembly. The components shown in Figure 4- 1 must be assembled with air gaps 
so that one component can be inserted into another without binding. As it is an 
exp losive assembl y, excessive force cannot be appl ied to insert the components or to 
separate them. To reduce the gaps the inner explos ive components are carefully 
chilled (to cause them to shrink) before assembly; they then expand to reduce the 
ga ps. In the original design, unnecessa rily large tolerances between parts, had been 
a llowed and these had created a ir gaps of the order of 250 flm . The expansion 
velocity of the inner parts across the air ga ps was estimated to be - 4 km/s, so a 
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250-IlITI gap wou ld be traversed in - 62 ns. This is close to the measured deviation of 
75 ns, and is cons idered the most likely cause of the jitter. 
The tolerances were tightened for the EFFs in experiment ICE- 17 onwards . At 
the time of writing, there have been two successful experiments since ICE- 16, so there 
are not enough data to show a statistical trend. However, the results of these two 
experiments are encouraging; they show the two time delays to be just IOns apart. 
Further improvements are planned. In particular, a new design, the reduced mass 
EFF, would employ a significantly improved initiation system that wou ld reduce 
explos ive mass and e liminate the air gaps. 
4.2 Design and Construction of the Sx4 Flux Compression Generator 
The earli est, and probably the best, general introduction to FCGs was written by 
Max Fowler in 1975 [57], and a more recent tutorial was given by him in 2003 [58]. 
The basic principle of a flux compressor is akin to an explosive ly-driven dynamo. A 
vo lume of space is confined between meta lli c conductors, and thi s space is fill ed (or 
"seeded") with magnetic flu x. If the conductors are moved together to reduce the 
vo lume offlux , electromotive fo rces (emfs) are induced in the conductors which cause 
currents to flow and oppose the conductor motion. Consequently, work is done 
aga inst the magnetic fi eld and, provided th at the rate of energy generation (transfer of 
mechanica l to electrical energy) exceeds the losses in the c ircuit, the e lectrica l energy 
in the circui t is increased. 
The Los Alamos 4x I, 4-inx5-in pla te flux compress Ion generator ha been 
described extensively in references [59-64] and is shown schemat ica lly in Figure 4-5. 
The device is 20.8 inches (52.8 cm) long and 5.2 inches (13 .2 cm) wide, and 
comprises four 5.2 inches-square plane wave lenses, end-to-end, and one lens across ; 
hence the 4x I in the des ignation. The a luminum conductors are pressed into trays to 
conta in the plane wave lenses. They are made from 0. 125-in. (3. 125-mm) thick 606 1-
T6 sheets wh ich are inc lined at all angle 1.360 to the hori zontal so that the internal 
height between the a luminum plates is 4.0 inches ( 10.1 6 cm) at the input end, and 5.0 
inches ( 12.7 cm) at the output end; hence, it is ca ll ed a "4- inx5-in" generator. 
Before initiating the explos ives, a current, I , of I to 2 MA is injected into the 
circuit at the input and flows clockwise around the box of the generator as shown in 
the figure; consequently, a magnetic fi eld in generated within the box. (A load of 
some form is connected to the output and completes the circuit. ) When the current is 
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lIP 
GP 
Figure 4-5. 4x5 parallel plate nux compression generator. Key: 0 - detonators; PW - plane 
wave lenses; GP - brass glide planes; AI. - aluminum trays; Ins - insulator; liP - input; OIP 
- output. Left : cross-section through AA' . Right: cross-section along centerline BB ' . 
near its peak, eight detonators (D) initiate four plane wave (PW) lenses at the top and 
the bottom. Plane wave detonations break out simultaneously along the inner surfaces 
of the ex plos ive lenses and project the top and bottom aluminum sheets towards each 
other, each at ve locities of - 4 km/so 
As soon as the top sheet starts to move, it short-circu its (crowbars) the input to 
protect the extema l input circuit from excessive curren t, and to max imi ze current gai n. 
Table 4- 1. Summary of values in the FCG 
characterization experiment. 
Value Units 
V bank 16.50 kV 
C lUTent sta l1 15.47 ).IS 
Seed CluTenl peak time 66 .97 ).IS 
Seed ClUTent peak 1.76 MA 
FCG sta t1 66.97 ).IS 
Peak FCG CWTent time 82 .85 ).IS 
The ends of the sheets slide a long 
the brass glide planes, thereby 
maintaining elech·ica l conducti on 
in the circuit, and they compress 
the magneti c flu x inside the box 
into a sma ll er and smaller 
volume. 
As the sheets are inclined at a 
Peak FCG ClUTent 11.45 MA 
-
small ang le ( 1.36°), they co llide 
at the inpu t end first on the cente rline, and the co lli sion point then rapidl y ex tends 
towards the outpu t, sweeping flux out of the box into the load in the process. 
4.2.1 Characterization of the 5x4 FllIx Compression Generator 
To predict the perf0l111ance of an FCG in any circuit the inductance, L(t), and the 
rate of change of inductance, dLldt, must be known with good accuracy . However, 
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Figure 4-6. Split-cylindrical so lid brass 
inductive load, with an interior diameter of 
79.4 mm, an ex terior diameter of 152.4 mm 
and a width of 184. 1 nun. The FCG was 
connected to the left of the cylinder along 
the fla ts. The slot (split) was 27.0 mm long 
and 3.3 mm high . The voltage probe 
cOIUlections (V) were set - 10 mm apart on 
the side wa ll. 
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the parallel plate flux compressor was 
deve loped long before the advent of 
modern-day digitiz ing oscilloscopes, so 
the accuracy and time reso lution of the 
experimenta l data could be improved. 
As a resu lt, the original model of FCG 
behavior was found to be inaccurate. In 
support of the HEPP-ICE experiments it 
was decided to perform an FCG 
characterization experiment. 
The FCG was connected to a fixed 
inductance, heavy-walled split-
cy lindrica l brass load, Figure 4-6. The 
load inductance was chosen to be of a 
similar va lue to the inductances of the 
HEPP-ICE experiments. It was 
calculated to be 28 .36 nH [65-67] and thi s was approximately checked by 
measurement on a digita l LCR bridge.' 
The FCG was fired in the same manner as the HEPP-ICE experiments. Cunent 
and vo ltage data were obtained with the conventional Rogowski coil s, Faraday 
rotation fibers, and copper sui fate vo ltage probes; see Appendix D fo r details of these 
diagnosti cs. 
4.2.2 Method of calculating induclance oJ FCe 
The purpose of thi s experiment was to obtai n a model of the FCG that fits the 
characterization data, and can then be entered into a circuit model to provide a 
predictive capability. The circui t is simply the inductance of the generator, Lg, in 
seri es w ith the inductance of the load, Lt. a nd some small resistive losses represented 
by R. Since the magneti c flu x (/) is the product of the current I and the total 
inductance L, solving Kirchoffs vo ltage law gives 
. Because of the large size of the induclor, the bridge measurement was only accurate to within - 20%. 
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(L .(I ) + L,)dJ + ( dLg (t) + R) f =0 
• dl dl 
(4. 1 ) 
From the known load inductance and the measu red current we must so lve for the 
two unknowns, Lg(t) and (dL/ dl+R). The on ly method of solving thi s is to perform 
the experiment tw ice, with different known load inductances. In effect thi s was done 
by using the prev ious ca libration of the generator inductance, which gave Lg(I), then 
solving for dL/ dl.· Note that dL/ dl is in the form of a negati ve resistance and cannot 
be separated fro m the res isti ve losses. The method of ca lculati on is to co llect the 
cun'ent terms together thus 
dL. I df 
-+ R=--(L, + L (I )) 
dl J dl g 
(4.2) 
The resisti ve losses represent a ll the losses from the res istance of the skin effect in 
the conductors, to flux losses on the brass glide planes. They are probably dependent 
on the current leve l and current 
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durati on to some extent. For 
simplicity, these va ri ations have been 
ignored. Provided we use the 
generator within approx imately the 
IJsec same CUITent range and ri setime, thi s i 
a reasonable approximation. 
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4.2.3 Currenl and vo llage dolo 
The original Faraday ClllTent data 
are shown ill Figure 4-7. To confirm 
the accuracy and structure of the data , 
Figurc 4-7. Flux comprcssor Faraday the Faraday data were digitally 
current data on the full timcsca lc (top), and 
on an expandcd timesca lc (botLom). differentiated with a NERD filter [68) 
set to a 5 M Hz upper cut-off freq uency 
with a 4 M Hz transition width and a -40dB stop band attenuation (the data obta ined by 
* With hindsight this was a poor approach, see "Fulllre Work " in Chapter 8. 
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simple differentiation were too nOIsy to di splay). These differentiated data are 
compared to the Rogowski data in Figure 4-8. There is good agreement both in the 
magnitudes and in the detailed structure of the s ignals. 
4.2.4 Load inductance accuracy 
When the vo ltage data and the Ldlldt data are compared there is good agreement 
between them (Figure 4-8), provided that the load L is set to 24.4 nH ; which is clearly 
smaller than the ca lculated va lue (28.4 nH). The reason for this di screpancy is 
discussed here. The inaccuracy of the Faraday data is usually within I %, the 
agreement be tween the Faraday and Rogowski data is within I %, and the voltage data 
are es timated to be accurate to within 2% for thi s experiment, yet the inductance of 
24.4 nH is 14% lower than calculated . 
The most likely cause of the discrepancy is the difficulty of placement of the 
vo ltage probe connections shown in Figure 4-6. It was not poss ible to place the 
probes tight up against the inside surface of the slit in the center; they were 
approximately I cm apart at the outside side wall. It may be that the measured probe 
voltage corresponded to a vo ltage around the circumference of the inside surface that 
2.5 
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Vl 1.5 < I- 1.0 
0.5 
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Figure 4-8 . Top: Different iated Faraday 
current data , black wavy line, and Rogowski 
clllclt data on an expanded timesea le ploned 
from first motion of the FCG. BOllom: 
Measured voltage (black) and Lclllclr (red) 
where L ; 24.4 nH. 
was less than the full c ircle. C learly this 
is important, because any error in the 
load inductance wi ll affect the accuracy 
of ca lcu lations of dLl dt obtained with 
Equation (4.2). The calculated 
inductance IS more likely to be correct 
than the one derived from the vo ltage 
data . 
4.2.5 Structure o/voltage data 
The structures of the dlldt and 
vo ltage data in Figure 4-8 are interesting. 
These showed a saw-toothed pattern at 
the peak which has been dubbed the 
" Bart Simpson hairdo." The structure is 
a lways present on the FCG data yet the 
ori gi n of thi s structure is not known. It is 
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reproducib le for experiment to experiment. 
4.2. 6 Final FCG calibralion 
The results for the FCG (dUdl + R) and the L(I) ca libration fro m earlier work are 
shown in Figure 4-9. The dUd, data have been smoothed by piecewise polynomial 
fitting along the curve, and it is these smoothed data that are used in the TopSPICE 
mode l di scllssed in Chapter 3. 
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Figure 4-9. Results of the FCG characteri zation experiment. Top: dUdH R characteri zation. 
The red data are the ori ginal experimental result s, and the black smooth data are a piecewise 
fi t to the data. Bottom: The inductance data L(I). 
As a measure of the goodness of these characterization data, the performance 
predicted with the TopSPI CE was compared to experimental results in Chapter 3; the 
model worked well. 
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4.3 Stripline 
The stripline was a pair o f heavy para lle l plates that connected all the components 
of the HEPP-I CE experiment together with as little inductance as practi ca ll y poss ible ; 
it compri sed GO-cm wide, 19-mm thi ck brass plates. To mitigate against electri cal 
breakdown, every edge and corner was milled to a radius of - 3 mm and tben carefu lly 
fini shed by hand to remove any sharp edges. 
4.3. I Stripline insulation 
The insul ati on scheme that was perfec ted by the end of the ICE seri es (described 
111 Chapter 6) is presented here. Polyimide was used throughout, as this was the 
insul ati on required by the clos ing switches (Chapter 5). The experiments from ICE-
10 onwards used the same scheme, as in Fi gure 4-10. 
4x2 
CijJJ 
r------r~~------~-
Figure 4-1 0. The polyi mide insulation scheme. Key: PxQ = P laycrs of Q-mil th ick 
polyimide sheets; M is an area where 30-mil (762 ~L1n) was milled from the surface , and thc 
cdge carefull y bevc1cd. The region at the top represents thc load. The Icft side cxtends to 
thc storage inductor and FCG. The right side cxtends to the closing switches. 
The insul ation was designed to minimize tbe thicknesses of insulation, and hence 
the inductance, wherever poss ible. At the same time, the insul ati on thi cknesses were 
adjusted to give enough protecti on to prevent breakdown, commensurate with the 
various vo ltages obtained at different points in the apparatus . The overl aps between 
the sections of di ffe rent insul ati on thi ckness were arranged to be long enough to 
prevent surface nashover. The town of Los Alamos, ew Mexico, is at an altitude of 
- 7000 feet (2 134 m), and the preva iling atmospheri c pressure is - 72.8 kPa or 
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554 mm Hg. The lower pressure facilitates die lectri c breakdown across surfaces and 
an overl ap o f at least 30 cm was usually necessaty. 
4.3.2 Preparation and breakdown testing of the stripline insulation 
For all the H EPP-I CE experiments, the completed assembly was tested for 
breakdown prior to insertion o f the ex plos ive components. During final assembly all 
the metallic edges were radiused by machine, followed by ca reful filing and sanding 
by hand. 
The high voltage testing had always been a diffi cult operation. The assembly 
would be connected to a 120-kV, adjustable high vo ltage power suppl y, commonl y 
ca lled a Hipot tester in the USA, which was designed specifica lly fo r the high 
poten tia l testing of insul ation. The experimental assembly would slowly be brought 
up to vo ltage, over a period of several minutes, with the goa l of demonstrating that it 
could withstand 120 kV wi thout fa ilure. Typica ll y, steamers would start to fo rm at 
vo ltages above - 60 kV that would crack le loudl y and hiss as they charged the surfaces 
of the insulati on. They would often creep around the ex tremities of the insulati on and 
then breakdown with a loud report. Such fl ashovers we re seldom catastrophi c and 
could be cOlTected by carefu l draping of the insul ati on and further testing. 
Occas iona ll y there would be a bulk breakdown in the insulation. This was much 
more serious because a small hole would be left in the plas ti c. This necess itated 
complete di sassembly of the appara tus and replacement of all the insulation, a process 
that might take several days. Bulk breakdowns were less common than the surface 
fl as hovers, yet these fl ashovers could al so take days to repa ir. 
4.3.3 Kraft paper to suppress streamers 
Colleagues at the Air Force Research Lab. [69] heard o f these di fficul ties and 
made a very helpful suggestion. If Kraft paper, sometimes ca ll ed brown parcel paper, 
is draped on top of the insulation fro m the e lectrodes up to within - 50 mm of the 
insulation edges it will signifi cantly red uce the streamer acti vity. This technique was 
tri ed and it was an instant success. Wi th practi ce, the who le assembly could be tested 
by s lowly raising the vo ltage to 120 kV without incident, saving days ofwork. 
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4.3.4 Silicone rubber ring 
To prevent surface track ing between the polyimide insulation and the Tefl on 
insulation along the top surface of the EFF (shown in Figure 4-1 and Figure 4-2), a 
soft 3. 175-mm thick Sylgard (70) sili cone rubber ring (gasket) was compressed 
between the surfaces. This provided an air-tight sea l when the transmission line plates 
were assembled, thus eliminating track ing. 
4.3.5 Pressure pointsji"om clamps and dielectric breakdown 
The low vo ltage results of all the experiments up to and including ICE-9 (which 
are reported in Chapter 5) could be readil y explai ned if the apparatus had broken 
down at close to 100 kY. However, the apparatus had always been breakdown-tested 
to 120 kV under stati c conditions. The question was therefore, what could possibly 
lower the breakdown strength during the experiment? It is known that breakdown 
effects are time dependent. The static dielectric breakdown strength, i.e., the strength 
at zero frequency, is significantly less than that for short duration pu lses, and thi s is 
primaril y due the process of steamer growth (7 1) . Therefore, the experimental 
conditions, where the voltage ri ses in microseconds, should have withstood higher 
voJtages than under the static conditions assoc iated with the breakdown test. It was 
difficult to understand what was happen ing here. 
One thing that could make a difference was that after high vo ltage testing the 
whole assembly was squeezed together with the meta l or GRP clamp. T his was done 
to prevent the parts fro m moving during transportation to the firing site, and to 
minimize trapped air fro m under the clos ing switches. It was poss ible that the 
insulation could fai l at the high pressure points between the transmiss ion plates. 
4.3.6 Experiment to determine sensitivity to applied slatic pressure 
To test the pressure points hypothesis a small apparatus was assembled that 
comprised a pair of meta l plates, each approximately 30-cm square, with the 
polyimide insul ation sandwiched between it. All meta l edges were ca refull y rounded 
in the same way that was done for the H EPP-ICE experiments. 
The assembly was first tested for breakdown while GRP clamps rested li ghtly in 
place without any applied pressure, apart from their weight. The experiment was then 
repea ted with the pressure app li ed with the c lamps. The pressure was applied, as it 
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was done in the HEPP-ICE experiment, wi th )r,-inch # 13 stee l bolts tightened to a 
torque of - 100 N.m. 
Various packages were tested comprising typica l polyimide insulation schemes: 
10 x 75- ~1I11 sheets; 20 x 50- ~1I11 sheets; 15 x 50-l1m sheets; and 13 x 75-l1m sheets. 
4.3.7 Results of dielectric lesling wilh an applied sialic pressure 
The results were striking. Without the application of pressure, none of the 
insulation packages would breakdown at the max imum applied vo ltage of 120 kV. 
However, when the pressure was applied, the polyimide would a lways breakdown 
tlu'ough the bulk, rather than across the surface, at an app li ed voltage of90 kV or less. 
When the polyi mide was examined after breakdown, there was no apparen t 
damage to the material apart fro m the actual site of the breakdown, where there was 
visib le blackening in a small area. 
Moreover, if the pressure was applied to the electrodes and then re leased without 
any application of an electric field , there was no observable damage to the insulation. 
A fter rel ease of the pressure, the polyimide did not break down at 120 kV. It was 
concluded that the breakdown mechani sm did not invo lve physica l, ilTevers ible 
damage to the polyimide. 
IT 
Electrode 
PI 
Clearly, the appl ied pressure was the 
cause of the dielectric failure in previous 
HEPP- ICE experiments. However, as the 
breakdown mechanism was revers ible, it 
cou ld not be caused by the so-ca ll ed "bond-
scission" mechanism that had been 
observed 111 shock-load ing studies [72], 
which is not reversible. It was therefore 
hypothesized that the breakdown was 
Figure 4-11. Polyimide insulation (P I) caused by the elastic reduction of the 
under compression by raised ridges and 
asperities on the electrodes. die lech'ic thi ckness under pressure, as in 
Figure 4- 1 I . 
4.3.8 Possible mechanisms ofpolyimide breakdown under static compression 
It is estimated that the combined force on the polyimide in thi s experiment from 
the weight of the upper electrode and the fo rce of the clamps, never exceeded 100 kg 
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(- I kN). The electrode area was - 900 cm2, so the pressure was II kPa. From the 
manufacturer's datasheets [73], polyimide has a Poisson's ratio of 0.34, and the sheet 
wi ll elongate by 5% at an applied stress of 90 MPa. That is, at 90 MPa it will 
compress by 1.7%, which is equi va lent to a compress ion modulus of 5.3 GPa. 
Assuming the same compress ion modulus for stra ins above 5%, the polyimide wou ld 
therefore require a pressure of 1.3 G Pa to compress it by 25%, which is 5 orders of 
magnitude greater than II kPa . (In fact, the poly imide is likely to tear at the sites o f 
the transmiss ion line edges and asperities long before a stress of 1.3 GPa is attained.) 
Therefore, fai lure by a bu lk reduction in insulation thickness cou ld not possibly occur. 
Instead, the pressure must be increased by microscopic high spots between the plates, 
such as knife-edges or sand parti cles. The building used to assemble the HEPP- ICE 
shots was well -maintained but not technicall y "clean;" the fl oors and horizonta l 
surfaces were usually covered by a light film of dust that blew in from the desert fl oor 
outside. Consequently, these high spots are considered to have been the li kely cause 
of the low vo ltage fai lures. Subsequently, the tran miss ion lines were he ld together 
with much lower app lied forces and no further breakdowns were encountered. 
4.4 Current joints 
The large current densities that preva il in HEPP experiments make it difficult to 
join metal surfaces together without signi ficant energy losses. Thi s is because the 
surface oxides that fonTI on most metals are resi sti ve, and at megampere current levels 
these surface resis tances can generate large surface to surface vo ltages and s ignificant 
arcing. Moreover, on a microscopic scale the metal surfaces rest on asperities, and 
these reduce the surface area of contact and inc rease the contact resistance. 
Nib ---, 
Figure 4- 12. The current JOll1t technique, 
wh ich employs thin strips of metal (current 
nibs) and heavy bolts to force the nibs into the 
surface of a second conductor. 
To mJI1lmlze thi s problem, 
current joints are employed, as shown 
in Figure 4-12. These essenti ally 
force the surfaces together under hi gh 
loca li zed pressures, the reby breaking 
oxide laye rs and flattening the 
aspe rities . 
Typically, a current nib may be 
1.5 to 3 mm w ide, and there will be two placed on the outside edges of one conductor 
as shown . The cavity between the nibs might be I to 2 mm deep . Heavy bolt are 
98 
Chapter 4 HEP? Component Design 
places at regular interva ls between the nibs, which are des igned to exert suffic ient 
pressure on the nibs to deform both the nibs and the surfaces upon which they bear. 
l oca li zed pressures of - 100 to 200 MPa are common. 
This technique has proven to be very successful. However, in asymmetric 
applications, that is where magnetic fo rces may push on one side ra ther than both, 
steps or keys may also be employed between the nibs to prevent sides lipping. The 
keys are essentially ra ised steps between the nibs on the opposing surface, and these 
have been used in the load regions described below. These ra ised steps are not high 
enough to meet the top of the cavity between the nibs on the oppos ite surface, so that 
the load still bears on the nibs alone. See experiment ICE-8 in Chapter 6 for an 
example of the use of such keys in the storage inductor. 
4.5 HEPP-ICE load design and current joints 
As di scussed in thi s treatise, over the duration of the program the author had been 
challenged by a number of problems to get the HEPP-I CE system to work, including 
the design of a suitable load. The load passes a current of - 7 MA into a narrow 
precision electrode which is typica lly 12.7 mm wide (Y:.- in .). The surfaces of this load 
must be flat and parall el to with in a ± 0.000 I-in . (2.5 ~lm) and machined to a di amond 
fini sh to fac ilitate high qua li ty VISAR data. There is a narrow slit that must separate 
the two inner surfaces. Ori ginall y, we had reli ed on a livermore (ll l ) design that 
had used pressed sample cups into a supporting load structure. Thi s proved to be 
extremely diffi cult to use, but a better des ign e luded us. 
One of our machini sts, James Are ll ano, had the c lever idea of machining the fl ats 
on a circ le in a manner similar to the fl ats on a di sc brake rotor. Not onl y did this lend 
itself to precis ion diamond tull1ing, but it produced enough materi al at a time 
suffi cient fo r dozens of loads - producing signi ficant savings in effort and cost. It was 
clear that thi s was a c lever solution to a di ffi cul t problem. The loads were then 
manufactured with ease, again by James and hi s team, and consequently the 
experiments were successful. 
Figure 4-1 3 shows a current joint that was used for the load in ICE- 19. Notice the 
keyed section between the current ni bs. Furt her deta il s of the load sect ions for ICE-19 
and the other experiments may be fou nd in Chapter 6. 
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Figure 4-1 3. A one-piece copper load used in ICE- 19, with a lumil1um VISAR probe holders 
and heavy black corrugated tubing to shield the fibers from extraneous li ght. o te the 
keyed current joint at the bottom of the load. 
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FIVE 
EXPLOSIVELY-ACTUATED CLOSING SWITCH 
ANALYSIS AND DESIGN 
5.1 I ntJ'oduction 
For the precise control of pressure profil es in the H EPP-ICE experiment, closing 
swi tches were needed that were capab le: of withstanding - 150 kV without fa ilure; of 
reducing the appl ied voltage to near zero on clos ing; of conducting c urrents of the 
order of 10 MA; and of clos ing with a timing precision of 25 to 50 ns . The ori gina l 
ICE circuit design used Procyon switches, these had been designed fo r another 
applicati on [54) for which they had proven to be very effecti ve; the des ign is shown in 
Figure 5- 1. Four of these switches were incorporated in para ll el to optimize the 
cun'ent transfe r for the HEPP-I CE experiment. 
Figure 5- 1. The Procyon closing switch showing: the detonator, 0 ; the explos ive pellets, P; 
the polyester insulation, I; and the ri ng-shaped air cavity, R. 
In practi ce, it was found that the Procyon switch to be ill -suited to the ICE 
applicati on. The Procyon switch displayed a timing jitter of the order of 600 ns, poor 
cun'ent transfer to our load and the vo ltage did not drop to zero across the switch when 
it closed. Moreover, if the switches c lose too late, then the rapidly ris ing EFF vo ltage 
(dVeJld/ = 4x I 01 1 VIs) could exceed the breakdown strength of the c ircuit insul ati on 
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before the switches closed, which causes catastrophic electrica l breakdown, see 
Chapter 3. Consequently, the uncertainty in switch closure time led to a finite 
probability of breakdown. One obvious so lution to this was to add extra insulation. 
Unfortunately, this was undesirable because it would increase the inductance of the 
overall circuit, thereby reducing the current transferred to the load. 
Thus, there were two problems: timing; and c losure impedance . We wi ll describe 
the switch design; the analysis of the switch behavior based on a voltage sensitivity 
hypothesis; and a simple physical model that was shown to accurately describe the 
swi tch performance. 
A seri es of experiments were performed that demonstrated the vo ltage sensitivity 
did ex ist and it was reasonably pred icted by the model, i. e., the hypothes is was 
COITect. Based on the model a new switch was des igned which used polyimide 
insulation . The swi tching mechanism in this new switch was designed to be shock 
induced conduction rather than mechanica l penetration of the insulation. 
When tested, the polyimide switch proved to have a significantly lower vo ltage 
sens iti vity, which close ly matched the va lue predicted by the model. Additiona l 
diagnostics (using a time of an·ival detector) also demonstrated that the conduction 
was shock induced rather than caused by rupture of the insulation . This new switch 
has successfull y met the requirements of the HEPP-lCE program, and has been the 
key improvement required for its success. 
5.2 Switch Timing Precision 
5.2. 1 Procyon-swilch design 
Two PBX-9407, 12.7-mm diameter x 12.7-mm long exp losive pe ll ets are 
detonated from the top in Figure 5-1 . The detonation wave travels downward and a 
shock wave is produced in the bottom of the aluminum metal cup which impacts a 
small ring air cavity, see the numerical simulation in Figure 5-2 [53] . This develops a 
circular ring-shaped jet of aluminum, the slug, which is projected across an air gap 
into the 1.5-mm thick polyester insulation [74]. The circuit is closed when the slug 
has penetrated enough of the insulation fo r e lectri ca l breakdown and conduction to 
occur, as will be seen below. 
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EXp losive 
tlJ61-T6 AI 
Cup 
Groove 
Mvlar 
o 2cm 
'l"'..l,!;~~=~~~~ InSulatlon~;J,I;;;oi:~;:;;i~;JJ..., 
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a) t = 0 b) t = 4.79 jJ.S 
Figure 5-2. Numerical simulation of Procyon switch operation. 
It was not clear what was causi ng the poor timing but the author hypothesized that 
the switch closure time was sensitive to vo ltage, i.e., the time to switch closure wou ld 
be inversely dependent on the vo ltage. Due to the inherent jitter in the switches, when 
a number of switches are connected in para ll el and triggered simultaneous ly, there 
will always be one switch that will close a few nanoseconds before the others. That 
switch wi ll reduce the vol tage app li ed to the other switches, which wi ll further de lay 
their closure. 
Thi s behavior is not significant when the Procyon switch is used for its intended 
appli cation, i.e., the Procyon experiment, where closure wi thin a microsecond or so is 
acceptab le. But in an ICE experi ment, closure must occur within a few tens of 
nanoseconds as the total current ri se is within - 500 ns. So in effect, if the voltage 
sensitivity hypothes is were correct, onl y one Procyon switch would conduct in the 
peri od of interest. (We w ill explore thi s in more detail in the modeling section.) 
Consequently, a series of experiments were performed to detemline the voltage 
sensitivity, if any, of the Procyon switches . 
5.2.2 Switch Timing Experiments 
The exp losive switch under test was placed on the firing pad at the end of a 
purpose-built 3D-m long, 200 kV rated, coaxial cab le with a wave speed of200 Mm/s; 
the transmiss ion line in Figure 5-3. The cab le was connected at the other end to an 
adj ustab le, 140-kV breakdown tester, commonl y ca ll ed a Hipot. The c harge vo ltage 
of the transmiss ion line was measured with a ca li brated vo ltage probe with an 
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TL 
+ 
Sw 
RC V H 
CT 
Figure 5-3. Circuit for switch timing experiment. The high vo ltage DC power supply, 1-1 , 
charges the transmission li nc Tt, and thereby applies a voltage across the switch under 
test, Sw. The charge voltage is measured with a voltage probe, V, and the time of switch 
closure is detectcd with a Rogowski coil, RC, in the ground relum of the swi tch. A curren t 
transformer, CT, also measu red the currcnt in the source cnd of the transmiss ion line. 
inaccuracy of - I %. To avoid ground loops, currents were measured by inducti ve 
techniques. The start of current fl ow in the swi tch was detected wi th a Rogowski coi l; 
and a Peat·son mode l 41 I current transformer, at the source end of the transmission 
line, was used to confirm the Rogowski data (with due corrections for the delay in the 
line). 
Prior to a seri es of experiments all the cab le time delays were measured ill a so-
ca ll ed common-timing ex periment; subsequently, all the measured times were 
corrected with these delays. In a typical experiment the cable was cha rged to the 
required voltage and then the switch was detonated. The di fference between the time 
the trigger signal was sent to the detonator and the time of switch c losure was 
recorded on ns-resolution digital osc illoscopes. Pairs of osc illoscopes were used in 
para ll el to observe the same diagnostic signa ls and thus to confi rm the time 
measurement . 
5.3 Explosive switch breakdown model 
To understand the sensitivity to applied vo ltage, a simple mode l was formulated 
for the switch . Consider the slug or conducting region penetrating the insul ator at a 
velocity U, as in Figure 5-4 . While the slug is penetrating, the thi ckness of the 
insulation ahead of it is progress ive ly reduced and the electric fi eld across it, E2(/) , is 
progress ively increased as a funct ion of time /. Given an initial insul ati on thickoess h, 
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E2 
- Ut-
- - - h-----
Figure 5-4. Simple switch model. A voltage V is applied across the electrodes. This 
establishes electric fie lds E2 and El ahead of the conducting region and behind it, where El 
= O. Thc conducti ng region grows wi th time from le n to ri ght at a velocity U. 
we have E2(I) = VI(h - UI) . In thi s simple mode l it is assumed that no other physical 
effects occur, especially that there is no precursor to the conducting reg ion traveling 
ahead of it, more on that later. 
When E2(I) > Ebk, the die lectric breakdown strength , the switch breaks down and 
currents fl ows in the switch. The breakdown voltage is then 
(5 .1 ) 
Therefore, the sens iti vity o f the timing to the applied voltage is 
~=-{UE }- ' d V bk (5.2) 
5.3. I Procyon-swilch model 
For the Procyon switch the penetration veloci ty U has been estimated to be 
1000 m/s from ca lculations with the Mesa hydrocode [75] and po lyester has a 
published breakdown strength of 180 MY/m. Hence from Equation (5.2) we would 
predict a vo ltage sensitivity dlld V = -5 .56 ns/kY. As w ill be seen nex t, thi s is 
signifi cantly larger than the -3.4-ns/kY sensitivity that was measured. 
5.3.2 Procyon-swilch liming dOlo 
The results of the timing experiments with the Procyon switches are shown in 
Figure 5-5, where the nonnali zed time (mea ured - mean time) to switch c losure is 
plotted aga inst applied vo ltage. The switch closure times were s ignifi cantly se nsiti ve 
to the appli ed vo ltage. The best (least squares) fit of the s lope was dlldV= -3.4 ns/kV 
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with a standard error (SE) of the slope a s = ±0.68 ns/kV; the standard deviation (S D) 
of the data from the fit CJd = ± 107 ns. The sensitivity pred icted by the model tha t was 
just presented, is arbitrarily drawn through the centroid of the data for comparison in 
Figure 5-5. 
0.6 ->-. ------- -------------, 
0.5 
I.IS r I Predicted I 
0.4 
• 
0.3 
0.2 
0.1 
• '~ .. . . 
[8eStl .... LnLJ ... .. . 
• 
0.0 
-0.1 0 
50 kV 100 
-0 .2 
• 
-0.3 
Figure 5-5 . Normalized Procyon sw itch timing data in IlS vs. applied voltage in kV. The 
black squares are the data ; the dotted line is the best fit ; and the solid line is the pred iction 
from the proposed model. 
From the cumulative data of 20 tests, including timing data from other 
experiments, we found that these clos ing switches had a standard deviati on (CJ) from 
the mean de lay of 39 ns at 13 kV. However, CJ increased with applied voltage across 
the switch, reaching 96 ns at 140 kV, the vo ltage at which the first switches were 
required to close in HEPP- ICE. This CJ was an order of magnitude too large for ICE. 
[f the switches closed too late, then the rapidl y ri sing EFF voltage (dV • .oldt = 4 x I 011 
Vis) cou ld exceed the breakdown strength of the c ircuit insulation before the switches 
c losed. In other words, late closure could cause e lectrica l breakdown. The 
uncertainty in the switch voltage would be dVldt x (Y z±40 kV. 
5.3.3 Discllssion of Procyontiming data 
The model predicts a larger but comparable sensitivity to what was measured, but, 
even with the imprecision of the measured drldV data ( i.e., (Ys = ±0.68 ns/kV), the fit is 
beyond three standard deviations (3(Ys) from the model. As the s lug penetration is 
subsonic (i. e. , I km/s vs. 2.4 km/s for the ambient pressure sound speed in po lyester) 
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it must project a divergent, precursor acoustic wave ahead of it which pre-compresses 
the po lyester. We ignored thi s for the simple model, but it may facilitate conduction in 
the compressed polyester which wou ld reduce d,ldV. It is well known that shock 
compression of materi a ls like polyester induces conduction [72). 
Moreover, it is poss ible that the estimated velocity of the slug ( I km/s) was too 
low. From Equation (5.2) we know that if the penetration velocity were 1635 m/ s the 
match would be exact, but such a veloci ty is unlikely in the experience of the author. 
Clearly, such large uncerta inties in timing were unacceptable when 50 ns 
precision was sought. For example, the time to c losure was increased by 480 ns as the 
voltage was reduced from 140 kV to zero. The detailed consequences of these timing 
uncertainti es for the ICE experiment wi ll be apparent in the section describing the 
modeling of the switches in section 5.7.2. 
5.3.4 Statistical C/nalysis o/pC//'C/llel switches 
A stati sti ca l analysis shows that the use of para ll el switches can reduce the 
probab ility of late switch closure from 50% to 5% (for the mean delay) - and has the 
added advantage of reducing the overa ll switch inductance by four. However, the 
ind uctance reduction is based on the assu mpti on that the switches work independently 
of each other. In practice, the operation of each individual Procyon switch was found 
to be highly dependent on its para ll el neighbors; see Appendix F. 
5.4 Polyimide-switch design 
From Equation (5 .2) it is clear that in order to reduce dtldV, we must increase the 
prod uct of E bk and U. From prev ious work it was known that electri ca l conduction 
can be induced by pure shock in polyimide plasti cs [72,73,76]. Also, from published 
shock Hugoniot data [75] the shock ve locity (U) is - 6 100 m/s· when shocked to a 
pressure of - 22 O ra and the dielectric strength is high , i.e., E bk = - 275 MV/m [78]. 
Another design consideration was that the author wanted to increase the conducting 
surface area of the switch to minimize the circuit impedance and improve its high 
CUITent performance. 
Consequently, the polyimide clos ing switch shown in Figure 5-6 was des igned. It 
compri ses a lOO-mm diameter plane wave lens and a 25.4 mm thick PBX-950 I 
• Sce A ppcndix E. 
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exp losive di sk inserted in a well of the top aluminum electrode; the bottom of the well 
is a 0.125-in (3.175 mm) thick alu minum di sk. The top and bottom electrodes are 
insulated from each other by a I-mm layer of poly imide insulation made from 2-mil 
and 3-mil (50-l1m and 75-l1m) thick sheets. 
5.4.1 Variations on design 
To optimize the performance we tried two variants of the design of Figure 5-6. 
The first had a plane top electrode and grooves in the top surface of the bottom 
electrode; the other comprised cones in the bottom surface of the top electrode. The 
intention was to enhance breakdown by introducing electric field di scontinuiti es. 
PWL 
Figure 5-6. The polyimide closing switch showing: the detonator, D; the explosive disk, 
HE; the po lyi mide insulation, I, which separates the two aluminum conductors, AI; and the 
plane-wave lens, PWL. 
The bases o f the cones had diameters of 2 mm and their ha lf-ang les were 41 °. In 
the bottom e lectrode, seven parallel grooves were cut across the surface that were 
3. 175 mm deep, 3. 175 mm wide, and 9.525 mm between centers. There were nine 
conical cavities arranged in a symmetric pattern , on circ les of 25.4 mm and 50.8 mm 
diameter, see Figure 5-7. 
5.4.2 Polyimide-switch timing data and model 
5.4.2. 1 Pred icti on 
The shock velocity in the polyimide was ca lcul ated to be 6. 108 krnls using shock-
impedance mismatch calcu lations [79) , the known JWL equation o f state of the PBX-
950 I exp losive products [80) , and the shock Hugoniots o f 6061-T6 aluminum and 
polyimide [77], see Appendix E for deta il s. Using Eq. (5.2), and given E bk = 
275 MY/m, the predicted sensitivity, dtldV = -0.595 ns/kY. As will be seen, th is is in 
close agreement with the fit to the data (-0.58 ns/kY, CYs = ±O.I ns/kY) . 
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Figure 5-7. Left: pattel11 of cones in the bottom surface of the top plate. Right: side 
view of slots in the top of the bottom plate. 
5.4.2.2 Timing sens iti vity data 
The polyimide swi tch timing data for the grooves and cones are shown in Figure 
5-8. The best fits to the slopes give sensitivities of -0.558 ns/kV for the grooves and -
0.6 16 ns/kV for the cones. However, if the data are normalized by subtracting the best 
fit constants ( 197 .96 and 164.33 ns respective ly) it is found tbat the two slopes are no t 
statistically different. 
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Figure 5-8. Polyimide switch timing data in ns vs. appl ied vo ltage in kV. The squares are the 
data for the grooved electrodes; the triangles arc for the coned electrodes. 
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The normali zed data were therefore combined for the cones and grooves and a 
best fit to these data was obtained, Figure 5-9. The best fit is dtldV = -0.58 ps/V, with 
a standard error of the slope, u, = ±O. I ps/V, and the SD of the data from the line 0<, = 
± 13 ns. Comparing these resul ts wi th the Procyon switch (dtldV = -3.4 ps/V, u, 
= ±0.68 ps/V, and 0<, = ± I 07 ns) this new switch has a significant ly smaller timing 
jitter. Both modeling of the polyimide switch and subsequent experiments confinned 
that the switch was suitab le for H EPP-I CE experiments . 
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Figure 5-9. Normalized polyimide switeh timing data in ns vs. applied voltage in kY. The 
blaek squares are the data; the dOlled line is the best fit ; and the solid line is the prediction . 
5.4.3 Discllssion 
The apparent close agreement of the experimental va lue (-0 .58 ps/V) with the 
predicted va lue of the s lope (-0.595 ps/V) for the polyimide switch is fortuitous , 
because the standard error is - 17% of the slope (±O.I ps/V), i.e., within ± I O"d the 
match is -0.595 ps/V vs. a range of -0.48 to -0.68 ps/V. 
Nonetheless, the agreement of experiment with theoty for the Procyon switch is 
not nearl y so good (-3.4 vs. -5.56 ps/V), but that might be expected because of the 
slow penetration of the meta l slug in that switch causes an acoustic precursor to trave l 
ahead of it. By contrast, in the polyimide switch it is a shock front that travels through 
the insu lation in this switch, i.e., it is supersonic with a wave speed of 6 1 08 m/s versus 
a sound speed of 2720 m/s [77) , so there calmot be an acoustic precursor. This 
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probably accounts for the better agreement between the model predictions and the 
results for the polyimide switch versus the Procyon switch. 
Considering the polyimide switch data, the agreement is good enough to support 
the simple breakdown model proposed above. Moreover, the timing of the switch 
operation also supports the model , see section 5.5.2 below. 
As was di scussed in Chapter 3 in section 3.6.2. 1, the vo ltage sensitivity of these 
closing swi tches can be beneficial in reducing the effects of timing errors in the EFF. 
5.5 Polyimide-switch explosives manufacture 
One minor drawback of the switch is that we must ensure that the explosive drive 
system (plane wave lens and explos ive di sk) be made to a high precision and from the 
same batches of explosives for reproducibility. Moreover, we must test every batch to 
ensure accura te timing. At the time of writing, each plane wave lens costs - $6000. 
All thi s makes the polyimide swi tches much more expensive to use than the Procyon 
switches. 
5.5.1 Shock arrival detector 
To veri fy that the polyimide operated by shock-induced conduction and not by 
mechanica l rupture of the insul ation, we introduced a time of alTiva l detector to detect 
the shock. The basic principle of the detector is the same as that of the main switch; it 
depends on shock-induced conduction through a polyimide foil. The difference is that 
by carefully measuring the current fl ow in the swi tch we can also detect the arri va l of 
the shocks at a ll the interfaces above the fo il, because the shocks throughout the 
system are coup led by stray capacitances to it. So the structure of the detected pickup 
can be corre lated with the progress of the shock waves throughout the explos ive 
system. Thus, it is poss ible to correlate switch closure with the pos ition of the shock 
in the system. 
At a velocity of 61 08 m/s, it takes the shock 164 ns to traverse the I-mm thiclUless 
of polyimide. If the switch operates by shock induced conduction and not by 
mechanical rupture of the insulation, we will observe conduction with in 164 ns. 
Mechanical rupnlre cannot occur so quickly because it depends on materi al (partic le) 
fl ow behind the shock, wh ich occurs at sign ifican tl y lower velocities. Therefore, if it 
takes longer than 164 ns for the switch to operate then shock induced conduction 
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Foi l 
conductor 
Explosive 
wou ld no t be the actual switch 
mechani sm. The detector detai ls 
are shown in Figu re 5-10. 
A 10-f1nl thick aluminum foi l 
was inserted as a shock arri va l 
detector between the bottom of the 
top electrode and the top of the 
stack of polyimide foils . The foil 
was insulated from the top, 
grounded, electrode by a s ing le 
layer of 25-f1m po ly imide and was 
connected to a senes c ircuit 
Figure 5- 10. Detail showing shock arri val detector. 
The two c1ew·odcs (shown hatchcd) arc separatcd 
by a stack of polyi mide foi ls, a single foil 
conductor, and a single polyimidc foi l. The uppcr 
electrodc is grounded. 
compri sing a 10-nF capacitor (di sk 
ceramic for low inductance) and a 
50-D res istor, Rs; the voltage across Rs was recorded on a di gita l osc ill osco pe. 
The capac itor and the foi I were charged to -+70 V by a battery v ia a I-MD 
resis tor. The circu it is shown in Figure 5- 11 . T he right hand circu it comprising C, Rs, 
and F was carefu ll y laid out to minimize inductance and thereby minimize the ri setime 
of the ensuin g pulse. 
Rc 
1 M 
B 
Rs 
50 
C 
10 nF TL2 
F 
Figure 5- 11. Ti me of arrival switch circuit showing the battery power supply, B, that 
charges the 10 nF capacitor C via a 10 M charging rcsistor, Rc and Rs. Thc capacitor is 
dischargcd by thc foil switch , F, through a transmission line TL2, and thc di schargc currcnt 
is measured in the 50 Q currcnt scnsor, Rs, which is connected to the circuit by a 
transmission line (coaxial cablc) TL I. 
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5.5.2 Results}i"om shock arrival de/ector 
When the plane wave broke out at the top of the foil, the capacitor was discharged 
thro ugh the polyimide fo il layer and Rs and a pul se of - -50 V was produced. The 
results of one of these experiments are shown in Figure 5-12 . 
The plane wave booster, described above, h·ansfen·ed a shock wave into the PBX-
950 I explosive, which in tUIll detonated and transfetTed a shock wave into the 
3. 175-mm thick aluminum . The detonation ve locity of PBX-950 I is 8.82 km/s and 
the shock wave veloc ity in the aluminum is - 7.89 km/ so (Deta iled calcul ations of the 
shock pressures and transit times may be found in Appendix E.) 
The data are shown shown in Figure 5- 12. Assuming that the exp losive detonated 
promptly after the plane wave booster shocked it, the times of flight of the detonation 
1000 
600 
> 200 
E _ 200 1--..,.".ftF~f'VdVl'~rtt,pr'lf'J.tI" 
-600 
-1000 -4~--~--~~--~--~--~~~~2~~~3~~~4 
> E 
~sec 
-1000L---~----~~--~~----~~~~~ o 
nsec 
Figure 5- 12. Closing switch test results showing the foil trigger data of Swi tch 20. The 
voltage, d/le/t, and current transformer data are shown in black, red and blue. The top and 
bottom curves show the same data on different sca les (the data have bccn clipped to revea l 
the fine structurc). HE = thc start of dctonati on in the explosive; AI = start of wave tran sit in 
thc aluminum; PI = wave arri val at thc top of the polyimide; Bk = final catas trophi c 
brcakdown in the switch. 
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wave in the exp los ive and the shock wave in the a luminum would be 2.88 J.lS and 
403 ns. The shock wave wou ld then transit the polyimide in 196 ns, and, accord ing to 
the model presented above, breakdown would occur sometime towards the end of that 
period. These ca lculations are in very close agreement with the structure of the 
signals shown in Figure 5-12. 
5.6 Parallel Switch Effects 
The Procyon switch was not designed to take more than a few MA per switch , so 
several of them had to be fired in parallel to transfer the desired 5 to 7 MA to the ICE 
load in - 500 ns. To do thi s, the currents between the switches had to be ba lanced, 
which meant that all the switches had to c lose si multaneously to within a few ns; yet 
the probability of s imultaneity was small because the standard deviation of Procyon 
switch closures was - 100 ns (independent of vo ltage sensit ivity), see above. To 
design an ICE experiment and predict its performance, the author needed to estimate 
the effects on the circuit performance of non-simultaneity of current balance between 
switches. 
In other work, an accurate dynamic s imulation of the ICE circuit [49] had been 
developed, see chapter 4. Based on th is switch mode l, three parallel circuits 
representing the closing switches were incorporated into the HEPP-ICE simulation. 
The switch simulation was based on the simple model where the breakdown vo ltage 
vari ed accordi ng to Eq. ( I). 
5.7 Jet Switch Model 
To simulate the action of the swi tch model in Figure 5-4, the following TopSP ICE 
circuit was designed, Figure 5- 13. The switch is represented by S I, a vo ltage 
controlled switch; when the contro l voltage to S I goes high (on the right hand 
terminals), the switch closes. Lin represents the input inductance of the swi tch and a 
I-ns snubber circuit (C I, R2) was added to suppress high frequency numerical 
oscillations caused by switching trans ients. 
The control vo ltage to S I is provided by a vo ltage comparator, E"bkn and a se lf-
latching relay, Sw I. The input vo ltages to E"bkn are the input voltage (V hi -
Vlo) = Vin(t), and (Vbkdn - Vlo) = Vbkdn(t). The latter is the output of a ramp voltage 
generator which represents Equation (5. 1): EVbk,, (t) =I '~,,(1)I-Ebk(h -Ut), where Ebk is 
the dielectri c strength of the insulator, h its thickness, and U the penetration speed of a 
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Figure 5-1 3. SPICE model of dielectric breakdown in the closing swi tch, named XJetSW. 
conducting slug (for the Procyon switch) or the wave speed o f a shock front (as in a 
polyimide switch). A 2-ns RC filt er, to suppress numerical transients, filt ers the 
output of Evbkn. When Evbkn goes positi ve, the breakdown is simulated as the se lf-
latching relay Sw I is energized, which in turn closes the main switch SI. 
Swl is se lf- latching to simulate the irreversible electrica l breakdown o f a 
dielectri c, so that the switch Sw l , and hence SI , are forever closed once breakdown 
has occurred, i.e. , irrespecti ve o f the subsequent value of the input vo ltage . 
5. 7. 1 Complete circuitll10del 
The effects o f using the polyimide and Procyon switches were investigated in the 
following SPJCE circuit shown in Figure 5-1 4. Detail s of the full HEPP- ICE circui t 
were given in Chapter 3. The circuit here represents the HEPP-ICE circuit at the time 
of c losing switch operati on. At thi s stage, the output of the flu x compressor has been 
short-c ircuited and all the flu x appears in the 25-nH storage inductor and the stray 
inductances o f the remaining circuit. In seri es with thi s inductor is the estimated 
res istance o f the skin depth o f the transmiss ion lines, 100 fin , and the EFF opening 
switch, Xeff. The model of the EFF was described in Chapter 3. In parall el with the 
EFF is the estimated capacitance of the transmission line ( I nF) and a artifi cial 
damping res istor ( 100 mn) which was added to suppress numerica l transients. 
The three parall el Procyon or polyimide swi tches are represented by X I to X3, 
each one being a complete indi vidua l sw itch mode l (XJetSW) as in Fig ure 5-1 3. The 
model allows us to delay the c losure o f X I to X3 by any time we choose, thus 
simulating the effec ts of the timing ji tter between indi vidual switches. Res isto rs RI to 
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Rdilf 
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2SnH ~ 
elf 
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Fi gure 5- 14. Simpl ifi ed HEPP-ICE SPI CE ci rcuit dcs igncd to predict effects of using 
va rious closing switch ty pes, XJctSW. 
R3 were necessary fo r numeri cal stability and are too small to affect the results. The 
5-n.H represents the initial load inductance of the ICE experiment. 
5.7.2 Effects of dtldV on switch closure 
5.7.2. 1 Procyon switch 
From experimental results, it was estimated that the inductance and resistance of 
each Procyon switch on closure was 8 11H and 3 mO at the pertinent CUITent leve ls, 
and the j itter between the three parall el switches was set to 100 ns (the experimental 
va lue) to show the effects of dtldV. The value of dtldV used was -5 .56 nslkY, as 
predicted by the Procyon switch model described earli er. 
The ca lculations showed that as soon as the first switch (X I) closed the vo ltage 
across all three switches fe ll by -50 kY in 10 ns (the vo ltage must fall by -100 kY for 
good current transfer). Consequentl y, the other two switches (X2 and X3) were 
immediately delayed by an additional -50 kY x -5.56 ns/kY = 278 ns in addition to the 
jitter ( 100 ns). The CUITents ca lcul ated by the SPI CE simulation are shown in Figure 
5- 15 . X I was the onl y switch to conduct fo r the first 357 ns and, as a typical HE PP-
ICE experiment may be onl y 500 ns long, thi s resulted in poor CUITent transfer to the 
load. (The results of the simulati ons with I O-ns delays were almost identi ca l to those 
in tbe fi gure.) The initial rate of ri se of the current, dlldt, to the load was 6 T A/s and 
the current reached only 3.5 MA in 500 ns. This clearl y demonstrated that the effect 
of the large dtldV for the Procyon switch was suffi cient to allow onl y one switch to 
conduct for the du ra ti on of the ICE experiment. Moreover, the effect of dtld V is much 
116 
Chapler 5 Explosively-aclualed closing swilch, analysis and design 
5 
MA Load 
4 
X1 
3 
2 
X2 
1 X3=-__ i
o ~, ~ __ -, ____ -L,-____ ~ ____ -, ____ ~ 
0.0 0.2 0.4 !.Is 0.6 0.8 1.0 
Figure 5- 15. SPICE si mulation or the to tal ICE load current with current s in the threc 
parallel Procyon switches (X I to X3). The upper curve (Load), represents the total CUITent in 
all three switches. The j itter between switches was 100 ns. 
more significant than the jitter between switches (at the same vo ltage), i.e. , a IOns 
jitter still led to a 300 ns delay. 
5.7 .2.2 Poly imide switch 
The same circuit s imulati on was perfomled on three parall el po lyimide switches . 
(Incidentall y, it may be that just one polyimide switch is a ll that is necessary in the 
ICE experime nt, but the author dare not take the risk of a shot failure by us ing just 
one.) Here the polyimide swi tch mode l was used and, from experimenta l data, va lues 
of 0.5 nH and 100 /l[2 were used for the switch impedance and 25 ns fo r the j itter. All 
other c ircuit parameters were the same as for the Procyon s imulat ion. The resul ts in 
Figure 5- 16 show a signifi cant improvement over the Procyon switch. With 
po lyimide, the switch currents were more close ly matched to each other, and the 
ini tial dlldl in the load was doubled to 12 T Ns. The load CUITent reached 5 MA in 
500 ns as required. (S ince the magneti c pressure vari es as the current squared the 
pressure doubled from the Procyon to polyimide simulati ons.) The vo ltage across the 
first switch fe ll by - 120 kV in 5 ns to near zero, so the ca lcul ated e ffec t o f dlldVon the 
timing is - 120 kV x -0.59 ns/kV = 7 1 ns. The combined effect of thi s de lay and the 
j itter was 99 ns and 125 ns in the simulation. 
When performing the actual ICE experiments, it was fo und that the polyimide 
switch worked better than predicted. The CUITents in each switch were m easured with 
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Figure 5- 16. Simulati on of the total ICE load eurrenl and the current s in the three para llel 
polyimide switches (X I to X3). The upper curve (Load), represents the tota l ell ITenl in all 
three switches. The inter-switch jillcr was set to 25 ns. 
Faraday rotation di agnostics [8 1] and the currents were found to be balanced to within 
5% of each o ther, not as shown in the fi gure. The improvement in performance may 
be due to high frequency ringing of the voltage at the time of switch closure. T he 
ringing maintains osc ill atory vo ltages across X2 and X3 after X I has closed, thus 
reducing the e ffect of the vo ltage drop caused by the dtldV tel111 . 
5.8 Summary of Chapter 5 
For HEPP-ICE, it was necessaty to transfer currents of 5 to 7 MA or more w ith 
ri setimes of - 500 ns. To do thi s, ex isting Procyon c los ing switches were first tried; 
these operate by projecting a j et of aluminum through a po lyester insulator. 
Unfo rtunate ly, the timing of these switches was unacceptably imprecise for ICE, w ith 
a ji tter o f typica ll y 600 ns. It was suspected that the switch timing was sensiti ve to 
applied voltage and thi s was subsequently confirmed by ex periment. A simple shock 
model was deve loped to ex plain the vo ltage sensiti vity, dtldV, and the predicted 
sensiti vity was found to be similar but larger than the measured va lues in the Procyon 
swi tches. The di fference is thought to be due to a shock precursor in the insul ati on. 
The shock model was incorporated into simulati ons of the ICE circuit. The resul ts 
matched those of the ex periment closely, and confirmed that the poor c urrent transfer 
was most like ly due to the dtldV timing sensiti vity. 
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From the theory, a faster switch was designed that relied on the shock- induced 
conduction of polyimide. Within the precision of the data, the predicted dlldV of thi s 
new switch was equa l to the measured va lue, thus confirming the mode l. The 
standard deviation of switch closure at a given voltage was 56 ns, which is acceptab le 
for HEPP-ICE applicati ons. 
One minor drawback of the polyimide switch is that, for pred ictable and accurate 
timing, the explos ive drive system must be made to high prec is ion from the same 
ba tch of explos ives . Moreover, every batch of explosive must be tested to ensure 
accurate timing. All thi s makes these switches expensive. 
The poly imide switch has been used successfull y In many H EPP-ICE 
experiments, and as a result, the desired current profil es and isentropic equation of 
state data were obtained. It is now used routi nely in H EPP-ICE experiments; without 
it, the successful execution of the H EPP-ICE experime nts wou ld not have been 
possib le. 
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CHAPTER 
SIX 
EXPERIMENTAL DEVELOPMENT AND 
PERFORMANCE 
6.1 Introduction to C hapter 6 
In thi s chapter, the details of a ll the experiments to date are reported in 
chronologica l order, fo r experiments ICE- I to ICE-1 9. The natTati ve is written from 
the vantage point of today, October 2006, and with this 20:20 hindsight, it is poss ible 
to understand the experiments in ways that were not always possib le at the time they 
were performed. 
The general techniques of experimentation and theory are referenced throughout, 
but many of the non-essentia l detail s, that have no bearing on the essence of the work , 
are omitted for c lari ty and brevity. For example, deta il s of diagnostic ca libra tion are 
omitted, and various diagnosti c data were omitted when they were redundant, i.e., 
they contributed nothing to the analyses of the experiments from the vantage point of 
thi s document. The following sections describe the experiments in suffi cient deta il to 
understand them. 
6.2 Procyon switches 
In the first seven experiments the Procyon clos ing switch was used to transfer 
current to the load. It is clear today that these switches could not function on the 
timesca le necessary for an HEPP-ICE experiment, i.e., within 500 ns. However, up to 
the time of the H EPP-I CE experiments, these switche had been used with great 
success in a wide vari ety of experiments for decades. However, all these prev ious 
app li cations operated on a microsecond timesca le rather than on the nanosecond 
timesca le typical of HEPP- ICE applicati ons. Procyon switches were considered 
highly reliable and effecti ve, and they still are for s lower applications; they were the 
last components to suspect when things were not working con'ectly with HEPP- ICE. 
Eventuall y, these switches were replaced with the polyimide switches. 
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6.3 Explosively-formed fuses (EFFs) 
On the other hand, the 8-inch diameter explosive ly f0ll11ed fuse (EFF) used for 
HEPP-ICE from ICE-4 onwards was a new component. For thi s, an inordinate length 
of time was spent trying to find a problem with the switch, when none ex isted. 
6.4 Ceneric circuit for HEPP-I CE experiments 
The circuit fo r all the HEPP-ICE experiments was the same in general concept, 
although the actual values of the circuit parameters, i.e., the times, voltages, currents, 
inductances, etc., varied fro m experiment to experiment; the va lues quoted here are 
typica l of each experiment. Detai Is of the design and construction of the EFF and flux 
compress ion generator (FCG), and other c ircuit components, may be found in 
Chapter 4. The circuit is the same as that discussed at length in Chapter 3 and 
comprises a 6-mF capacitor bank that is charged up to a maxi mum of 20 kV, a few 
seconds prior to the sta rt of the experiment, Figure 6- 1. Upon closure of switches in 
series wi th the bank, the capac itor provides a seed CUtTent that flows in the flux 
compression generator (FCG), storage inductor and an EFF opening switch. C lose to 
when the seed current has reached its peak, the FCG is caused to compress the flux 
inside it. Later on, when the FCG CUtTent is close to peak, the EFF is actuated and thi s 
drives the vo ltage up across the branch circuit comprising the load's clos ing switches 
and the load. Final ly, the load ' s clos ing switches function and current fl ows into the 
load. 
L bank 
Capacitor 
Bank 
I 
I 
I 
I 
I 
I 
- -- - --
FCG 
Crowbar 
Storage L 
Figu re 6- 1. Generi c I-I EPP-ICE circuit for all experiments. 
Closing 
switches 
EFF 
Opening 
switch 
ICE 
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6.5 Generic circui t operation 
6.5. 1 Seed current 
A series of explos ively actuated closing switches were fi red and these connected 
the capacitor bank to a series ci rcuit comprising: the capacitor bank inductance; the 
FCG; the storage inductor; and an explos ive ly-fo rmed fuse (EFF) opening switch. 
The current in thi s resonant LCR circuit, the seed current, then rose s inusoida ll y up to 
- 2 MA with a quarter-peri od of - 50 fl s. The general sequence of events is shown in 
Figure 6-2, from the time when the s inusoidal seed current had peaked. 
6.5.2 Flux Compression Generator (FCG) 
At about 24 flS before the seed current reached the peak , a sen es of detonato rs 
were fi red on the FCG; these were timed so that the FCG started to compress its s tored 
flux at the time of peak seed current. At that time, the FCG mechanica lly closed its 
intemal crowbar switch so that none of the current to be amplified by the compressor 
was allowed to flow into the capacitor bank. 
4 FCG dt = 14.32 "' 
80 
MA 
3 14.50 ~IS kV 
60 
2 ~ 40 
""" .. 
12.00 ~IS 20 
(EFF dt = 21 .5 Jls from Irig) EFF 1st 
motion 
0 
65 69 71 73 75 77 
1.5, Lecroy timescale 
Fi gure 6-2. The typical seq uence of events shown by the wavcforms after the ti me of peak 
seed current. The three conceptual wavefollns are : the current in the FCG, I FCG; the 
voltage across thc EFF, VefT; and the current in the load, Iload . 
5 
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6.5.3 Explosively Formed Fuse (EFF) 
The detonation system of the EFl' opening switch was fired at about 20 >I s before 
the FCG current reached the peak . The timing was adjusted before the experiment to 
deve lop the appropriate voltage at the right time across the EFl'. Typical vo ltages of 
90 to 150 kV were required in an experiment. The resistance rise of the EFl' was 
timed to coincide with the peak FCG current, i.e., the time when the inductance of the 
FCG was a minimum. 
6.5.4 Load closing switches and load current 
As with the other explos ive dev ices, the closing switches to the load circuit were 
triggered - 10 ,IS before they were required to close. The closure time was designed to 
coincide with the time when the voltage across the EFl' reached the required va lue. 
There were always at least three load clos ing switches in paralle l to handle the 
large currents , and these were c losed sequentiall y or simultaneously to control the 
shape of the CUITent profile. On load-switch closure current then started to fl ow in the 
load. 
The re lat ive timings of the EFl' and load-switches were crucial. If the EFl' was 
fired too early, it would di ss ipate the current generated in the FCG before the load ' s 
c los ing swi tches were ready to transfer current to the load, leading to poor current 
transfer. Moreover, if the load clos ing switches were late relative to the EFl', then the 
vo ltage across the EFF could exceed the breakdown strength of the insulation. Then 
the insulati on could break down catastrophically and litt le or no current would be 
transferred to the load. The max imum time window of error for these two 
components was of the order of ± IOO ns, and ±25 ns timing contro l was preferred . 
6.5.5 Staged load closing switches 
To provide isentropic loading, the optimum current ri se for ICE starts with a 
relative ly small dIldt and smoothly increases to the peak, see the "Method of 
L hi ;t _ 
rY"""f'''--_---<>S ___ w~
L 10 Sw 2 
Figure 6-3. "Staged" closing switch design. 
characteri sti cs" in Chapter 3. To 
obtai n this profi le, thi s author 
des igned a s imple combination of two 
or more switches in paralle l, each 
with its own seri es inductor. The first 
of the ICE experiments used these staged switches. The largest inductance (Lt.i) was 
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switched into the circuit first, thus providing a small dlldt (from d/ i = ~ ), followed 
dt '.0 L 
by the smaller inductance fo r a higher dlldt, as in Figure 6-3. The current shape was 
to be controlled by the re lative inductances and the delays between the load-switch 
closures. Typica lly, the fi rs t inductance might be 8 nH , and the second 0 .5 nH with a 
delay between closures of300 or 400 ns. 
The resultant wavefol1n might be as in Figure 6-4. Note the change of slope at 
400 ns when Sw2 was closed. This technique could be extended with more parallel 
switches to tailor a wide range of current profil es. While thi s technique remains 
viable, it was not possible with the Procyon switches. The j itter between the Procyon 
switches and the sensitiv ity of their timing to applied vo ltage, made it di ffi cult if not 
imposs ible to tailor the profil e in practi ce. Moreover, it turned out that the des ired 
profil e could be obtained by careful control of the relati ve timing of the EFF and 
closing switches. The Procyon switches were eventuall y abandoned in favor of the 
po lyimide switches; see Chapte r 5. 
6.6 Rogowski coil c1ll clt data 
Both the Rogowski probes and Faraday rotation current di agnost ics, descri bed in 
Chapter 4, were used to obtain current (I) and dIldl data in every experiment reported 
below. The Faraday probes produce s inusoidal fringe data that must be deconvolved 
into the des ired current da ta. While the Faraday data are accurate, they have the 
di sadvantage that it is often difficu lt to determine whether an inflection in the 
s in usoida l data represents an upturn or downturn in current. This is where the 
Rogowski da ta are usefu l. The Rogowski data clearly distingui sh between upturns 
6 M A 
4 
2 
m icrosecs 
o 
0 .0 0.5 .0 1 .5 
Figure 6-4. Calculated currcnt pro lile pl anncd 
for experimcnt ICE-4 using staged closi ng 
switches and a 2-c l11 widc load. 
and downturns, thus fac ilitating the 
deconvolution of the Faraday data. 
The Rogowski data also added 
a level of redundancy to the 
diagnosti c suite. If data from any 
of the Faraday probes were to be 
lost, e.g., due to fiber damage, the 
Rogowski data were avai lab le. For 
brevity, the Rogowski data are onl y 
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presented when they provided in follllation that could not be g leaned from the Faraday 
current data or the voltage data . 
6.7 Reporting of individual experiments 
Ex periments ICE-l to lCE- 19 are reported sequentially below, a secti on for each . 
To aid the reader, the salient design details and results of each experiment have been 
summarized in separate tab les. The common fea tures of each experiment, such as the 
design and construction of the flux compress ion generators (FCGs), exp losively 
fomled fuses (EFFs), insulation , etc. , can be found in Chapter 4. 
6.8 ICE 1-3, September 2000. HEPP-ICE with small scale planar EFFs 
The LANL HEPP-ICE program was started in September of 2000 wi th modest 
fundi ng that was in tended to prove the concept. With j ust one month to fire the 
experiments before then end of the fi sca l year, i.e., September 30,2000, there was no 
time to bui ld hardware spec ifica ll y for HE PP-ICE; onl y available components could 
be used. Fortunately, at the time there were a number of parall e l plate flux 
compress ion generators ( FCGs) ava ilab le, so these did not have to be built. O n the 
other hand, there were on ly small-sca le planar explos ive ly-formed fuses (EFFs) 
ava ilable, and these were required to obta in the necessary ri setime. The first tlu"ee 
experiments, ICE 1-3 , were consequentl y fired with these small -sca le EFFs; and, as 
was expected, these were ill-suited to the task. These were onl y pulsed-power 
experiments and did not include the diagnostics (VISAR) necessary for EOS 
measurements. 
The goa l of these first three experi ments was to demonstrate that H EPP cou ld be 
used to perfo rm ICE experiments. More specifica ll y, the goa l was to transfer curren ts 
of the order of 5 MA, with risetimes of 500 to 1000 ns, into dummy loads of - I 0 nH 
that were representati ve of a rea l ICE load . 
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6.9 ICE-I 
6.9. 1 IC£- I design 
Table 6- I. Sa lient details of ICE- I. 
FCG type 5 x 4 in . 
EFF type Small-sca le, planar, inverted 
VISAR diagnostics No 
EOS experiment No 
Stripline insulati on Mylar with a luminum clamps 
Storage inductor 42 nH 
C losing swi tches Procyon, 2 stages, 5 switches total 
FCG Crowbar switches No 
Load Brass. 
In the first experiments, ICE 1-3 , a simple planar EFF was used; see Chapter 3 for 
more deta il s. For simplicity and expediency, in ICE-I the storage inductor and the 
EFF opening switch were combined into one component, as in Figure 6-5. 
This EFF configuration was a mi stake in that the author had overl ooked the fact 
that the magnetic forces inside the storage inductor cav ity would push the aluminum 
foil down in to the Tefl on die, and away fro m the explosive.' Fortunate ly, thi s error 
was identifi ed before the shot was fired (but a fter the experiment had been 
assembl ed). Rather than abandon the shot, the seed current for the FCG was reduced 
from nomina ll y 2 MA by a factor of - 3 so as to reduce the magneti c pressure to an 
estimated max imum of 240 MPa at the time of peak FCG CUtTent. This sign ificantly 
reduced the magneti c projection of the fo il into the die. In addition, the a luminum foil 
was glued to the explos ive with cyanoacryl ate ad hesive (Eastman 9 10), because thi s 
would be strong enough to de lay movement (separation) of the foil from the expl os ive 
until the last few ~ s of current fl ow. 
6.9.2 FCe and transmission line 
As with a ll but one of the experiments reported here, a conventional 5x4 plate 
generator (FCG) was used as the power source, which was connected to the 
experiment w ith brass transmission line plates made fro m 0.5- in. thick stock. The 
42-nH [65] storage inductor was constructed as a box made from the same brass plates 
• In the conventional EFF configuration, the magnetic pressure (B- force) pushes the fo il against the 
explosive. Provided that the B- forcc does nol exceed the dynamic strength of the ex plosive, the 
explosive restrains the foil fIom significant movement. 
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Fi gure 6-5. Sketch of the first HEPP-ICE ex periment, ICE-I . The FCG is no t shown but was 
connectcd to th c le ft of the asscmbly. Rogowski loops (and Faraday rota tion fibers) measured 
the seed, FCG and load currcnts; thc staged Procyon switchcs (Sw), one on top and four in 
parallel bclow, closcd scquenti ally to trans fer current to thc load; and voltage d iagnostics 
Vsw, Ve ff, and Vload mcasured thc correspondi ng voitagcs. 
with a 2-in. high cavity, that was 7 in . long and 9 in . wide. To protect the components 
from breakdown, the plates were insulated from each other throughout the apparatus 
with a - I.S-mm thickness of Mylar sheets. Aluminum clamps were used to keep the 
plates together. 
6.9.3 EFF design 
The small scale, planar, EFF opening switch uscd 12 teeth in th e conventional 
Teflon design, i.e., each tooth was 12.7 mm high and I.S mm wide, and each gap 
between teeth was 6.0 mm. In these earl y experiments (but not the late r ones with the 
cylindrica l EFF) the conductor was a 32-mil thi ck 606 1-T6 a luminum fo il. 
6.9.4 Staged load-closing switches 
To transfer current to the load in a contro ll ed fashion, staged-closing switches 
were used, as in Figure 6-3, with one Procyon switch in the high inductance path 
(7 nH), and four Procyon switches in the low inductance path (2 1l.H); a schematic o f 
the phys ica l design is shown in Figure 6-6. The hi gh inductance circuit was triggered 
300 ns before the low inductance side. 
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Closing switch 
Stripline 
Figu re 6-6. Closing switch design used in ICE-I . Le ft , end view seen from load; Ri ght, s ide 
view. The top single Procyon switch closed the high inductance branch of the para llel 
circuits, and the bottom four Procyon sw itches closed the low inductance branch. My lar 
insul ation is represented in blue. 
6.9.5 Load 
The load was manufactured from a 5.0-in . wide brass connection to the stag ing 
switches, which tapered down to a width of 0 .75 in . with a half-angle of 45°. A 0.5-
in . di ameter hole was machined into the end of the load for cUIl'ent di agnostics , and 
the total inductance of the load section was calculated to be 10 nH ; it was essenti a lly a 
I O-n H short circuit. 
6.9.6 DiagnostiCS 
For deta ils of the Rogowski co il current probes and the copper sul fa te vo ltage 
probes, please consult Appendix D. 
Thi s experiment was not des igned to obtain EOS data so the 10-nH load w as a 
so lid ma s of brass, i.e., it had no samples and no associated optica l diagnos tics suc h 
as V ISAR; it onl y simulated the stati c e lectri ca l impedance of the load. A photograph 
of the complete experiment is shown ready for firing in Figure 6-7, with the ta pered 
I O-nH ersatz- load shown on the extreme le ft . 
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Figure 6-7. The first HEPP-ICE ex periment, ICE- I, on the firing pad just before lhe 
experiment was fired. From left to right arc shown: the ersatz-load; the staged closing 
switches; the EFF; the storage inductor; and the FCG. 
6.9.7 Curren/measurelllel1l 
For electrical diagnostics both Faraday-rotation and Rogowski current monitors 
were used in every leg of the circuit shown in Figure 6-1 , i.e. , to measure the seed, 
FCG and load currents. To cance l capacitive pickup, a pair of Rogowski loops was 
used at every location. The anticipated peak dJ/d/ was - 7 T Als in the load. Given 
that the minimum mutual inductance of a Rogowski that is wound on an RG-223 core 
is - 160 pH, thi s dI/d/ would have generated a voltage in excess of I kV. As a BNC 
coax ial cab le connector is on ly rated at 500 V at sea- level: a less-sensitive Rogowski 
coil was used to measure the FCG and load cun·ents, wound on a RG 174 core with a 
pitch of 0.5 turns per inch and a mutua l inductance of 45 pH t 
6.9.8 Vat/age diagnostics 
Voltage diagnostics were placed across the EFF, load and the load c los ing 
switches. To avoid ground loops, they comprised copper sulfate resistors and Pearson 
• As Los A lamos is at an alt itude of 2 130m (7000 fect) above sca Icvel, the breakdown strength wou ld 
be less than 500V. 
t In later experiments, the RG223-based probe was used for accuracy and Cl high voltage connector was 
substituted for the B le to prevent brCHkdown. 
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cUlTent transformers. In the same manner as wi th the Rogowski coi ls, pa irs of voltage 
probes were used back-to-back in para llel to cancel capacitive effects. These vo ltage 
probes are temperature sens itive but, with careful ca libration and accurate temperature 
measurement, their elTors are less than 1%. 
6.10 I CE- l results 
Cons idering that thi s was the first experiment, and considering the faux pas of 
reversing the EFF cUlTent direction, ICE-I worked we ll. onetheless, it was far from 
idea l, as will be seen. In particular, there were significant problems with the quality of 
the diagnostic data. 
Table 6-2. ICE- I Rcsults. Summary of designed values and actual val ues. 
Design Actua l Units Comments 
V bank 10.33 10.28 kV 
Current start 15.34 15.4 Il s 
Seed current peak time 66.64 66.5 1 ~t S 
Seed curren t peak 750 67 1 kA 
FCG start 66.64 66.51 IlS 
EFF fi rst motion 78 .64 79.97 ~tS 
Peak FCG cUlTent time 80.96 80.60 Il s 
Peak FCG cUlTent 4 .0 4.60 MA 
Swl closure 8 1.1 4 82.58 IlS Only one switch closure observed 
Sw2 c losure 8 1.44 82.58 ~t S 
Peak load CUITent 3.3 1.47 MA Poor data quality 
Load 10-90% ri setime 500 7 12 ns 
In itia l load dJldt 7.5 2.4 TNs V. Low 
Veffpeak 75 29 kV Small -sca le EFF fai lure 
Poss ible causes of low Possible breakdowns in the EFF, transmi ss ion line, storage 
load current inductor, load switches or load. Failure of the Procyon 
closing switches to conduct on time. 
6.10.1 Rogowski data 
Both the Rogowski curren t data for the FCG and load (obta ined w ith RG 174 
probes) were of poor quality because of high leve ls of ex traneous noise. In Figure 6-8 
the data fo r the three pairs of probes are shown in each image, with the exception of 
the integrated seed current. The FCG data were clipped because the digiti zer settings 
were too sensitive. 
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Figure 6-8. ICE-I: The Rogowski dlldt data for the seed, FCG and load CUITCIllS, and their 
integra ls. (The seed current integral was obtained from thc mean of the two dlldt 
signatures.) 
The seed current data were of better qua lity as they were obtained with the larger 
RG223-type Rogowski probes, wh ich are less prone to pickup prob lems, but even here 
the data from the pair of probes were not identical. The load current data for the pair 
of Rogowski probes were very different; the ratio of the peak magnitudes exceeded a 
facto r of three. The measured peak load currents were 2.47 MA and 8 14 kA . The 
probable cause of these di screpancies was the fact that a Rogowsk i co il does not 
function we ll in a high ly divergent magnetic field , i.e. , w here the fi e ld diverges across 
the cross-section of its minor heli x, see Appendix 0.4. 
6.10. 1. 1 Poss ib le premature flow of load CU tTetll 
The load dlldt and current data apparently showed current flowing in the load 
before the load switches had c losed at 83 .5 f.l s. If these data were rea l, it wou ld mean 
that the closing switches broke down before they were triggered . 
6. /0.2 Faradaydata 
The va lues of the Faraday-rotation current data were a peak seed curre nt of 
67 1 kA, a peak FCG current of 4 .60 MA, and a peak load current of 1.46 MA w ith a 
10% to 90% ri setime of7 12 ns, see Figure 6-9. 
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Figure 6-9. ICE- I current data for the FCG and load from the Faraday and Rogowski 
gauges. The red curve is for Faraday load data, and the blue curve is the integrated 
Rogowsk i data for the same load current (from Figure 6-8) and is probably erroneous. 
There was clearly something wrong because the FCG current did not merge 
towards the load current at la te times, as should have happened if the EF F current had 
fallen to zero. In other words, if the circuit had performed as intended at the time of 
load switch c losure, there should have been three parall el branches compri sing the 
FCG and storage inductor, the EFF, and the load 's c los ing switch and load. 
When the EFF opened (when the resistance went high) th e curren t in the FCG and 
storage inductor should asymptotica lly approach the currents in the load closing 
switch and load; see Figure 6-10 which is a representa tion of the circui t of Figure 6-1 
at late times in the experiment. 
Storage L 
FCG 
LH 12.5nH 
Closing 
switches 
EF F 
Opening 
swi tch 
ICE 
load 
The fact that the two currents did not 
become equal implies that either: the 
EFF broke down so that the EFF current 
did not go to zero; a breakdown occlllTed 
elsewhere, thus adding an additiona l 
conducting branch to the circuit; or both; 
or the Faraday data were wrong. 
Figure 6- I O. Equivalent circuit at the time of 
switch closure for all I-I EPP-ICE ex periments. 
The Faraday data for the load could 
have been spoiled because of the 
geometry of the load. The Faraday 
fibers cannot be bent to a radius smaller than a few inches; otherwise, the data can be 
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Figure 6- 11. ICE-I vo ltage data . From the highest peak to the lowest these are the voltages 
across the EFF, the switch and the load. 
erroneous. Given the small hole used to monitor the load current (0 .5 in . diameter) 
this is a poss ible source of error. Another poss ible error, which considered very 
unlikely given the care that is taken with these experiments, is that there could have 
been a note-keeping en·or as to whether there were two wraps or three of Faraday 
fibe rs. The Faraday sensitivity is about I fringe (MA . To increase the number of 
fringes, and hence the accuracy, fiber wrapping is sometimes done where severa l 
loops are used. If two loops were used instead of the three that were noted, the current 
wou ld have been exactly 50% higher, i.e., 2. 19 MA instead of 1.46 MA. A current of 
2. 19 MA is still lower than the 2.47 MA va lue necessary to merge with the FeG data. 
It is probably fortuitous, given the uncertainty of the Rogowski data, that one of the 
Rogowski coils gave a peak load current of - 2.47 MA, wh ich a lmost exactly matched 
the FeG curren t data in Figure 6-9. 
6. 10.3 Voltage data 
The voltage data 111 Figure 6- 11 showed very different vo ltages across the EFF 
and the load clos ing swi tches which, li ke the discrepancies in load and FeG currents 
at late times, was symptomatic of a fai lure in the system because they should have 
been iden ti ca l. ( In the spirit of full-di sclosure, the second highest s ignal ill the load 
and the load closing swi tch signal lines were mislabe led and the data have therefore 
been interchanged; otherwise, the data make no sense.) 
133 
Chapter 6 ErperimeJ1lal Del'e/opmelll Gild PeliormGl1ce 
Errors of more than a few percent a re except ional fo r these voltage probes. If 
these vo ltage data are trul y not equal, then thi s a lso suggests that there was a failure 
(breakdown) in the system. The lack of meaningful data recorded across the load 's 
closing switches suggests that we had a contact fa ilure that rendered the vo ltage probe 
useless. 
6.11 Conclusions for ICE-l 
The results suggest that there were one or more breakdowns in the system, 
perhaps in the EFF, across the storage inductor, and across the load switches and load. 
Given that a small -sca le planar EFF was used, it is not surpri sing that thi s would fail. 
Why the Procyon closing switches had fail ed was not understood at the time, see 
Chapter 5. 
As will be seen, in the next experiment all of these issues were addressed. 
Overall , shot ICE- I was useful. It demonstrated that a significant current could be 
tran ferred to a load with the ri ght timescale, once the va ri ous problems were 
corrected; it confirmed that the more complex and expensive cy lindrica l EFF was 
necessary; and it gave va luab le timing infonnation fo r the va ri ous components in the 
system. 
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6. 12 ICE-2 and ICE-3 design 
Even though it was clear that the small-sca le planar EF F was not go ing to work in 
the long term, the HEPP-ICE team was committed to firing three experiments with 
thi s EFF and to making the best of it. 
Table 6·3. Details of ICE-2 and 3. 
FCG type 
EFF type 
V1SAR diagnosti cs 
EOS experiment 
StripJine insul ation 
Storage inductor 
Closing swi tches 
FCG Crowbar switches 
Load 
5 x 4 in . 
Small-scale, planar, conventional 
No 
No 
Mylar with aluminum clamps 
42 nH 
Procyon, 2 stages, 5 switches total 
No 
Short ci rcuit. 
The EFF design for ICE-2 and 3 was inve rted from that of ICE- I so that the 
magnetic forces would press the aluminul11 foil agai ns t the ex plos ive. Consequently, a 
we ll was cut into the lower electrode o f the stripline to accommodate the explosive for 
the EFF. Because there was not room to squeeze the EFF into the thi ckness of the 
stripline, the explos ive train was spilt into two sections as shown in Figure 6- 12. The 
plane wave in itiation system was placed beneath the stripline and the detonation 
generated a shock wave that crossed a 3. 175-mm thickness of brass conductor and a 
7.000·;n 
• 
Polyethylene 
0.25-in 
Figure 6- 12. Sketch of 1CE-2 and 3 showing the modifications compared to ICE- I. The load 
was removed and replaced by a short-circuit. The FCG (not shown) was conncctcd at the left 
of thc asscmbly. 
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6.35-mm thi ckness of po lyethylene insulation . The emergmg shockwave then 
initiated a 12.7-mm th ickness of PBX-950 I, which was used as the driving explos ive 
for the EFF inside the storage inductor. Grooves were cut in the lower stripline plates 
to protect the Faraday and Rogowski probes from the prob lems of the previous shot. 
6.12.1 Extra inductance and elimination of the load 
The disadvantage of adding the cavity to house the upper explosive driver was 
that it added an estimated 12.8 nH to the return conduction path, in seri es with the 
load section (which was - 10 nH). To reduce the inductance it was decided to short-
c ircuit the load secti on to eliminate that 10 nH of circuit inductance. By eliminating 
the load it was only necessary to measure the vo ltage across the load closing switches, 
so the EFF and load voltage probes were also removed, see Figure 6- 13. 
6. J 2.2 Test of the detonation efficiency of/he EFF explosive 
Whenever intermediate, inert, materia ls are introduced between one detonating 
Figure 13. Photograph shows the closing switches and short-circuited load of ICE-2 (ICE-3 
was the same). Much of the apparatus was obscured by Mylar insulation and expanded 
polystyrene supports. 
(donor) explos ive and another (acceptor) explos ive - that must be detonated by the 
donor - there is a possibilily that the second explosive wi ll not promptly detonate. 
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Then in the case of the EFF, the fo il will not be deformed fast enough for efficient 
switch operation. Hence, it was important to calculate the degree to which the second 
layer of ex plosive (above the polyethylene in the fi gure) would detonate promptly. 
First, the shock at the polyethylene/explos ive interface was ca lculated using the 
bas ic principles of the shock-mismatch ca lculation procedure, as given Appendix E. 
In thi s case, one substitutes the shock Hugoniot of polyethylene for po lyimide. (The 
polyethylene shock Hugoniot is V, = 2900 + 1.48 lip, Po = 920 kg/m] ) From these 
calculations, the shock at the top po lyethylene/explos ive interface would be 20.7 GPa. 
When the donor and acceptor explosives are in direct contact with one another, 
the acceptor explosive detonates instantaneously (promptly) . In other words, if the 
acceptor is shocked to the detonati on pressure of the acceptor ex plos ive, the initiation 
is prompt. However, it has been fo und experimentall y that as the pressure of the 
donor shock wave is reduced (e.g. , by introduc ing intennediate inert materia ls) the 
time it takes the explosive to deve lop a detonati on increases. In one-dimension, i.e., 
for plane shock waves, there is a so-call ed "run-di stance" (x' mm) and a "run time" (/ ' 
fl S) to detonati on, which are pressure dependent [82]. Putting the pressure P in unit o f 
GPa, the fi ts for explosive PBX-950 1 are 
10 r ' _ 1. 10 ± 0.04 - log,o PGPa 
g lO - ",,,, - 0.5 1± 0.03 
10 /' = 0.76 ± 0.0 I - Iog,o PGPa 
g lO J" 0.45 ± 0.03 
So for the ca lculated input pressure of 20.7 G Pa, x' = 0.38 mm and / ' = 58 ns. 
Given that the acceptor explos ive was 12 .7 mm thick, a loss of x ' in detonating-
thickness would be equi va lent to a loss o f j ust 3% of the detonating mass of explosive; 
thi s is not considered signifi cant. The conc lusion from these ca lculations is that the 
donor explos ive would detonate efficientl y and, therefore, the EF F would function as 
des igned. 
6.1 3 ICE-2 results and d iscussion 
This was clearl y a much better experiment than ICE- I. Many of the problems 
with the diagnosti cs had been reso lved and there was no obvious breakdown in the 
system. Moreover, the modifi ed explosive dri ve for the small-sca le EF F functioned 
correctl y and it performed as well as could be expected. 
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Table 6-4. ICE-2 Results. Summary of des igned val ues and actual values. 
Design Actual Units Comments 
V bank 13.00 12.70 kV 
Current start 15.34 15.4 Il s 
Seed current peak time 66.64 66.51 IlS 
Seed current peak 1.0 0.936 MA 
FCG start 66.64 66.58 Il S 
EFF fi rst motion 78.64 79.97 Ils 
Peak FCG current ti me 80.96 80.60 fl S 
Peak FCG current 6.0 4 .76 MA 
Swl closure 80.18 80.11 Il S Better timing 
Sw2 closure 80.43 80.37 Il s 
Peak load current 4.0 3.40 MA 
Load 10-90% risetime 500 1056 ns S low rise due to low EFF vo ltage 
Initia l load dUdt 8.0 3.0 TA/s Low 
Veffpeak 50 6.9 kV Small -scale EFF fai lure 
Poss ible cause of low EFF failure . Mutual inductance effects between storage 
load current inductor and load c ircu it. 
The Faraday data are show in Figure 6- 14 . For a seed current of 936 kA the FCG 
generated a peak current of 4.76 MA. The EFF appears to have opened correctly and 
transferred a peak current of 3.4 MA into the load with a 10 to 90% risetime of 
1056 ns, Figure 6- 15. Note that the EFF and FCG currents correctly merged to the 
same va lue at times after - 82 Il S. 
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Figure 6- 14. ICE-2 Faraday and Rogowski current data: FCG (black); load (red); and EFF 
(blue). The peak FCG current was 4.76 MA; the peak load current was 3.40 MA; thc EFF 
current was calculated - EFF current = I FCG - I load. 
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Figurc 6- 15. Top: ICE-2 Faraday load current 
data on an cxpanded timcscale, with a 10 to 90% 
risetimc of 1.056I's. Bottom: Closing switch 
voltage waveform. 
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The ri setime was longer than 
designed, i.e., 500 ns, but clea rly it 
was a good result for the small-scale 
EFF. The long ri setime was a result 
of the low vo ltage that the small -scale 
EFF cou ld generate. This low 
vo ltage (- 6.9 kV) is ev ident from the 
voltage data prior to c losure of the 
load switches, Figure 6-1 5. 
6. 13. 1 Low voltage across EFF 
Fro m other work [55) it is now 
known that the low vo ltage across the 
small-sca le EFF (6.9 kV) was likely 
caused by the high current density in 
thi s small scale EFF sw itch 
( 187 kA/cm) compared 
optimum of - 90 kA/cm. 
to the 
In the 
small-scale EFF, current tends to 
preferentiall y fl ow along the outside edges of the foil. At the higher current dens ities, 
th is leads to magneti c di storti on o f the foil and failure of the switch. The cy lindrica l 
EFF does not suffe r from thi s prob lem, see secti on 3.7.3. 
6.13.2 Apparent switch problems and mutual inductance effects 
The vo ltage data were recorded across the load c losing switch, Figure 6-1 5, and 
there appears to have been problems. First, the vo ltage rose before the EFF had 
stm1ed to operate. The vo ltage rose to 6.9 kV then fe ll at 80.0 I IlS as the switch 
c losed, as to be expected. However, it then rose agai n to > 8 kV; thi s ri se w ould 
imply that the switch opened up aga in. 
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Figure 6-1 6. Equi va lent circuit of Figure 6- 12 
showing the FCG current in the storage inductor 
loop, which induces a vo ltage in the lower 
circuit loop by mutual induction. 
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However, the author rea li zed that 
another poss ib le ex p lanation of the 
apparent vo ltage ri se was mutua l 
magnetic coupling between the EFF 
and load circuits. An un intended 
consequence of adding the cav ity to 
house the exp los ive dri ver was that it 
not only added an estimated 12.8 nH 
to the return conduct ion path, LHE, 
but it a lso had a mutua l inductance 
with the storage inductor, Ls, above 
it, Figure 6- 16. 
Us ing the Grover.exe software [65] the m utual inductance between the storage 
inductor and ex plosive cavity was estimated to be 2.34 nH before fi rst motion in the 
EFF foi l. The mutual 
2.4 
2.0 inductance wo uld thus add a 
1.6 dl vo ltage M ~ to the load 
> 1.2 dl 
"" 
0.8 c losing switch loop. To test thi s 
0.4 theory the measured switch 
0.0 vo ltage was compared to Mdll dl 
10 71 72 73 74 75 76 77 78 79 
~sec in the FCG. The results in 
Figure 6- 17. The swi tch voltage (noisy curve) and the 
product of the mutual ind uctance M (2.34 nH ) and the Figure 6- 17 confi rm that the 
clllelt in the FCG, M clll cll (bl ue). The EFF started to mutual inductance was the 
opcn at 78.5 ~I S. 
likely cause o f the peculiarit ies 
of the vo ltage wavefoml . 
6. 14 Conclusions for ICE-2 
The results showed aga in that the small-scale EFF could not hand le the high 
current density necessary fo r HEPP-ICE experiments. Also, the effect of adding the 
we ll fo r the EFF explosive drive was to add unwa nted inductance and mutua l 
inductance between the storage inductor and outpu t c ircuit. 
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6.15 ICE-3 
This was a repeat of ICE-2 at a higher seed current. The same small -sca le EFF 
was used, a well was cut into the retulll conductor to accommodate the explosive drive 
and the load section was short-circuited, Figure 6- 12. To increase the transfer to the 
load, the load-switches were delayed by an additional 1.0 Ils, to allow the FCG cun·ent 
to develop a higher current. 
6.16 ICE-3 results 
The best load wavefonn was obta ined in the ICE-I to 3 seri es was obtained in 
ICE-3, which had a peak current of 3.95 MA with a 10 to 90% risetime 1050 ns. The 
seed current to the FCG was 1.31 MA and the peak FCG current was 6.68 MA. The 
voltage data measured across the switch were clipped, but clearly exceeded 40 kV, 
Figure 6- 18. 
Table 6·5. ICE-3 Rcsults. Summary of designed valucs and actua l values. 
Des ign 
V bank 19.29 
Current start 
Seed current peak time 
Seed CUITent peak 
FCG start 
EFF first motion 
Peak F G current time 
Peak FCG current 
Swl closure 
Sw2 closure 
Peak load current 
Load 10-90% rise time 
Initi al load dIJdt 
Veffpeak 
15 .34 
66.64 
1.4 
66.64 
78. 18 
80.96 
7.0 
81.18 
8 1.43 
4.5 
500 
6.0 
15 
Actual 
19.19 
15.4 
66.86 
1.31 
66.86 
80.2977 
80.94 
6.68 
81.42 
8 1.42 
3.95 
1040 
3.77 
>40 
Units Comments 
kV 
Ils 
Il s 
MA 
Ils 
,lS 
Ils 
MA 
Ils 
Il s 
MA 
ns 
TNs 
kV 
Data not c lear 
On ly I switch closure evident 
As above 
Slow ri se li kely due to low EFF 
vo ltage 
Low 
Data clipped, and do not look 
correct. 
Possib le causes of low EFF failure. Mutual inductance effects between storage 
load current inductor and load circuit. 
The Faraday data in Figure 6- 19 show that the EFF switch opened correctly and, 
aga in, the EFF and FCG currents correctly merged to the same value at times after 
- 83.2 IlS. 
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6.1 7 Conclusions 
35 
30 for ICE- I to 3 
25 In ICE I-3, as 
> 20 ex pected, the planar, 
small-scale E FF could 
.>< 
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0 
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~sec 
susta in ne ither the high 
vo ltages nor the high 
currents necessary for 
Figure 6- 18. ICE-3, vo ltage across closing switches, ICE, and it was 
includi ng the voltage induccd by thc mutual inductance with 
thc storage induetor. abandoned for the 
coax ia l vers ion of the 
EFF described nex t for ICE-4. 
With these ex periments, it was demonstra ted that HEPP techn iques could provide 
shock-free current pro fil es of the ri ght magnitude. However, these experiments did 
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Figurc 6-1 9. ICE-3 results: FCG current (black), thc load currem (blue), and thc EFF 
currem (orange) which wa calculated by subtracting the load currcnt from the FCG 
current Top, the completc experiment ; bottom, the samc data on an cxpanded timcsca le. 
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not give any indication o f how di ffi cult the path ahead wo uld be towards a success ful 
EOS ex peri ment. 
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6.]8 ICE-4to7 
This seri es of experiments had the fo llowing common features. They used a new 
8-inch diameter EFF, Mylar insulation, the Procyon load clos ing switches, and all but 
ICE-4 used the 5x4 plate FCG. The description and drawings presented for ICE-4 
give the essential details for all four experiments (shots). Departures from the des ign 
are descri bed for each shot. 
6.19 ICE-4, HEPP-[CE with a cylindrical EFF 
This was the first attempt to obta in EOS data with HEPP-ICE, and the first HEPP-
ICE experiment to use a cylindrical EFF instead of the small-scale pl anar EF F. The 
same type of FCG was used as previous ly. The circuit comprised a 120x 127-mm 
plate FCG; a 40 nH storage inductor; a 180 kV cylindri ca l EFF; two sets of parallel 
staged closing switches (with inductances of 8 nH and 0.5 nH) de layed by 300 ns; and 
a 2-cm wide load. The experiment was designed to deli ver up to 7 MA to the load, 
and the peak pressure was des igned to reach - 70 GPa. A multi -point VI SA R system 
was used to measure the surface velocities of the samples on their back faces. 
Table 6-6. Detail s of ICE-4. 
FCG type 
EFF ty pe 
EOS expt. with VISA R 
diagnosti cs 
Striplil1e insulation 
Storage inductor 
Closing switches 
FCG Crowbar switches 
Load 
125 x 120 mm with polypropylene insulation 
8-in. diam ., cylindrical, with metallic stretcher 
hardware; 30 patterns (a pattern is the 
combinati on of one tooth and two hal f-
gaps) 
Yes 
Mylar with aluminum clamps 
40 nH 
Procyon, 2 stages, 7 switches total 
Yes 
Copper, 2 cm wide 
The cylindrical EFF was designed and built specifica ll y for this shot, i.e. , for 
180-kV and 10-MA operation. It used an annealed 11 00-aluminl1m fo il , instead of 
606 1-T6, in a cy lindrica l conductor, which was 203.2 mm in diameter and 223 .5 mm 
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long. ' The switch was driven by a 203.2-mm cylindrical PBX-950 I explosive charge, 
which was simultaneous ly detonated along its centra l axis. The switch die was a 225-
mm diameter Teflon tube, with 29- 1.50 mm-wide anvils and 30- 6.00-mm spaces, 
making thirty " patterns" over a length o f 223 .5 mm ; the cavi ty depths were 12.7 mm. 
The complete system was built into a 60-cm wide para ll el plate stripline assembly and 
the stripline plates were separated by - 1.5 mm of Mylar insulation, Figure 6-20. The 
complete assembly, excluding the FCG, was - 1.5 m long. 
Load 
Storage 
Crowbar inductor Closing Closing 
FCG switches switches 11 switches I 
Stripline Stripline 
Figure 6-20. Schematic of ICE-4. From left to right (upstream to downstream) arc the 
connections to the flux eomprcssor (FCG); c rowbar c losi ng sw itches; 40 nl-l storage 
induetor; cylindr ical EFF; copper load; first set of Procyoll closing switches; 8 nl-l switch 
inductance; and the first set of Procyon closi ng swi tches. 
Aluminum clamps were used to hold togethe r the top and bottom plates of the 
stripline. Thi s was necessary to minimize air gaps between the layers of insulation. 
(Otherwise, the performance of the load c losi ng swi tches wou ld have been adversely 
affected by air gaps.) 
6./9.1 Ch·cuil modeling 
The designs of the experiments were modeled with the SCA T95 t c ircuit code. 
This code was used on experiments ICE- I to ICE- 12 . After ICE- 12, a new model was 
developed on the TopSP ICE platform, which was much more accurate, see Chapter 3 . 
• See Chapter 3 for details of the EFF construction. 
t The SCAT95 code was developed at Los Alamos Nat iona l Laboratory but it is no longer avai lab le, 
nor is it used, sce Chapter 3. 
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6./9.2 Load Design 
A sketch of the load section lIsed in ICE-4 is shown in Figure 6-21 . The load 
section was a so lid oxygen-free high conductivity (OF HC) copper transmission line 
(tapered to minimize inductance), converging from a width of 30 cm to 2 cm with an 
angle of 4So. The two conductors were separated by O.S mm and insulated with nine 
sheets of SO ~1I1l (2 mil ) thick Kapton , and the load region housing the samples was 4 
cm long. 
2crn 
.. ,. 
• 
Top View 
ShOr1 circuit 
4 samples 
Figure 6-2 1. Sketch of the load section for ICE-4, not to scale. The wide cnd of the taper 
connected 10 the main strip line. A ide view of the load wi th two samples on each side is 
on the ri gh t. The vacuum system is not shown. 
Four copper samples, each 10 mm diameter, were mounted in the load section as 
shown with thicknesses of I. 7S, 2.0, 2.2S , and 2.S mm. The back face of each sample 
was evacuated to a vacuum pressure of - 10 ~m Hg (- I Pa), to e liminate air fla sh, and 
the surface velocity of each was measured by a multi-point VISAR system. The 2.0-
mm thick sample had nine indi vidual VISAR points, arranged in a cross across its 
surface, to determine the flatn ess of the magneti c pressure drive. 
6. 19.3 Current diagnostics removedji-om load section 
To minimize the inductance of the load, and thus maximize the current transferred 
to it, there was no hole placed in thi s load, unlike that for ICE 1-3 , and therefore no 
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place to insert a Rogowski co il or Faraday rotation fibers . Consequently, a narrow 
groove was cut across the inside surface of the stripline to accommodate Faraday 
rotati on di agnosti cs, but, there was no room to insert a Rogowski coil. 
6. 19.4 Crowbar switches 
Ordinari ly the FCG wou ld short itself at the end of the explosive run when the 
plates of the device co llide. Occasionally, these plates may separate aga in , either by 
mechan ica l bounce or the action of the magnetic fie ld, causing the inductance to 
increase and the output current to fa ll. 
To ensure that the FCG was correctly short-circuited at the end of its operation, a 
set of three closing switches, commonly called crowbar switches, were placed at the 
Figure 6-22. ICE-4 duri ng assembly, showing th e three Procyon crowbar switches on the 
right, upstream from the storage inductor, and the copper load on the left. The steel bricks 
were being used to hold the assembly in place while Sylgard sili cone adhesivc was selli ng. 
output of the FCG and upstream from the s torage inductor; these were of the Procyon 
switch design (Chapter 5), Figure 6-22. The switches were timed to c lose at the time 
of peak current in the FCG. 
6. 19.5 Load closing switches and jitter control 
The current profile was controll ed w ith the staged switch technique shown in 
section 6.5 .4. As discussed in Chapter 5, the timing of the load clos ing switches is 
criti cal fo r achieving the correct current profi le, and to avoid breakdown . To 
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minimize switching problems, three or four of the Procyol1 switches were connected 
in parallel (so that Sw I in Figure 6-3 comprised three switches and Sw2 compri sed 
four switches) to minimize the effects of jitter in th e switch timing. By doing this, the 
probabili ty of la te switch closure could be reduced fro m 50% to 5% (for the mean 
delay) ; it a lso had the added advantage of reducing the overa ll switch inductance by 
four, see Appendi x F. For ICE-4, the load clos ing switches were timed so that there 
was a 5% probability of the EFF vo ltage exceeding 160 kV. 
However, the inductance reduction was based on the assumption that the switches 
worked independently of each other. It subsequently became apparent tha t the 
operati on of each individual Procyon switch was highl y dependent on its parall el 
neighbors, as di scussed in Chapter 5. The switch layout is shown in Figure 6-23 . 
Figure 6-23 . ICE-4 during assembly, showing from left to right, the copper load section with 
tbe vacuum system and fi ber optic cables for the VlSA R; the four parallel Procyon switches 
for clos ing switch Sw2; the 4 nH switch inductance; and the three para ll el Procyon switches 
for switch Sw I . The tr iangular aluminum pieces, ei ther side of the copper load, were used to 
protect the load from damage duri ng assembly; they were removed for the experiment. 
6. /9.6 V/SA R system 
The ori gina l V ISA R technique was developed by Barker and Holl enbach, see 
Append ix D. The first VISA R system used on H EPP-I CE was manufactured and 
operated by co ll eagues Willard I-i ems ing and Mike Shinas of DX-3 in LA NL. 
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6.20 ICE-4 Results and Conclusions 
The results of the experiment were disappointing. The peak load current was only 
2.9 MA with a long 10-90% risetime of 5 .97 fl s. (The Faraday probes were da maged 
about 9 fl S after the start of load current flow.) The current waveforms are shown in 
Figure 6-24. 
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Figure 6-24. ICE-4 Faraday dala. From lOp to bottom at 103 flS the currents were: 
(Faraday FCG); I (Rogowski FCG); I (Faraday load); and (I(Faraday FCG) - I (Faraday 
load)}. The bottom plOl shows the same data on an expanded limescale. The load 
Faradays were damaged at - 106 flS and thus the data ended abnlptly. 
The voltage data (Figure 6-25) displayed large gro und loops superi mposed o n the 
load vo ltage and to a lesser ex tent on the EFF vo ltage . According to these data, the 
EFF vo ltage approached - 200 k V at peak. 
Ground loops usually occur when the mai n experi mental curren ts are passed into 
the ground of the digitizer instrumentati on. For eve ry experi ment great ca re was taken 
to avo id thi s. A single ground point was used for the entire experimental complex, 
and all the diagnosti cs were insul ated from the circui t; see Appendix D. The cause of 
the ground loop in ICE-4 is not known, but may have been due to prob lems with the 
EFF tretcher hardware di scussed below. 
The results are summari zed in Table 6-7 where the expected (des igned) va lues are 
compared to the actual data. Some of the notes in the summary tables, on the li kely 
causes of low load current transfer, reflect prob lems that were not identified until 
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Table 6-7. ICE-4 Results. Summary of designed val ues and actual va lues . 
V bank 
Curren t start 
Seed current peak time 
Seed current peak 
FCG start 
EFF first motion 
Peak FCG current time 
Peak FCG current 
FCG crowbar closure 
Sw I closure 
Sw2 closure 
Peak load current 
Load 10-90% risetime 
Initi al load dUdt 
Secondary load dUdt 
Veffpeak 
Possible causes of low 
load current 
150 
100 
50 
o 
-50 
-100 
Design Actual Units Comments 
19.50 19. 17 kV 
15.39 15.43 ~ s 
8 1.28 8 1.358 ~ s 
1.95 1.90 MA 
8 1.28 81.426 ~ s 
92.50 94.356 ~ s Late 
94.97 95. 198 ~s 
11 .50 6.92 MA V. Low, 60% of expected value 
95.27 ~s 
95.50 95.446 ~ s 
95 .80 95.856 ~ s 
7.00 2.90 MA V. Low 
0.50 5.97 ~t S V. S low 
12 .00 0.937 TAls V. Low 
24.00 1.03 TAls V. Low 
182.00 195 kV 
Conduction in onl y I Procyon switch; EFF fa ilure; 
breakdown adjacent to clamps and/or in storage inductor; 
breakdown in EF F; arcing in storage inductor. 
~ ____ ~ ____ ~ __ ~~ ____ ~ ____ ~i 
94.0 95.0 96.0 97.0 98.0 99.0 
usec 
Figu re 6-25. Voltages measured across the EFF (largest signa l) and the load. The gliteh at 
95.85 fJ s corresponds to the start of current now in the load. The feature at - 95.45 ~t S on the 
EFF profi le may have been a breakdown. 
some time later, after the shot. C learly, th e biggest problem was that the load current 
was exceptionally low and its ri se time exceptiona ll y long. The measured dlldl va lues 
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were more than an order of magni tude smaller than required. 
As a result of the poor current transfe r to the load, the magneti c pressure o n the 
load was sma ll and the sur face velocities recorded by the YIS AR instrumentation 
were also sma ll . However, there was one encouraging result; the VISA R data shows 
good current uniformi ty across the load surface. 
6.20.1 PaSI marlem analysis 
After careful scrutiny of a ll data, double-checking of the assembl y records , and 
examinat ion of the wreckage after the shot, two problems were identifi ed,' one with 
the FCG and the other with the EF F. 
Firstl y, the FCG used was not the conventional 5 in . x 4 in. ( 127 mm x 101 .6 mm) 
but a 120x 127-mm device. (The two numbers describe the plate separation at the 
output and inpu t of the FCG. Plate generators are tapered to minimize flu x trapping 
and control the peak dlldl.) The 120x 127-mm FCG is designed to provide a higher 
dlldl than the conventiona l device. The high dlldl combi ned w ith the total load 
inductance of 50 nH seen by the FCG would have created a voltage o f - 200 kY at the 
output of the FCG. As th is insul ation was designed to withstand onl y - 80 kV, 
breakdown would occur there, thus limiting the peak outpu t of the FCG. 
Secondly, there was a poss ible malfunction of the EFF detonation system . As 
described in Chapter 4, the detonation system is di vided into two hal ves. During 
assembl y and casting of the explos ive into the system, the slapper system must be held 
taught and straight by stretcher hardware. For this shot, the stretcher hardware was 
meta llic, and it was not removed before the shot was fi red. There was ev idence that 
the stretcher conducted cunent from the seed CUITent to the slapper system on one side 
of the EFFt Th is would destroy the slapper c ircui t, thus prevent ing that ha lf from 
ope rating. ( It would also have caused a ground loop, poss ibly the one seen o n the 
voltage data.) Later on in the experiment, the other side of the s lapper system was 
con ectl y ini tiated. This subsequentl y ini tiated the ex plos ive in the fa il ed half, but the 
delay in initiati on of the ex pl os ive ca used the EFF to open asymmetri ca ll y and hence, 
it functioned late. Consequently, the timing of the shot was wrong . 
. Other problems were found later. 
t The cylindrica l EFF des ign is described in Chapler 4 . 
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There is ev idence of a breakdown in tbe EFF or the adjacent stripli ne at - 95.45 Jls 
in Figure 6-25. Noti ce the negati ve go ing glitch at that time where the vo ltage across 
the stripli ne approached 200 kY. 
From further ana lys is, there was also a potentia l fo r fai lure of the Tefl on 
insul ati on at the ends of the EFF, see Chapter 4. The shock waves generated by the 
explosive system could arrive earl y enough to damage the insu lation before the EFF 
had completed its operation, and thi s could lead to internal breakdown. 
For subsequent experiments, a 5 in . x 4 in. FCG was used to reduce the FCG 
output voltage, the EFF stretcher hardware was manufactu red from glass-reinforced 
epoxy (G- IO), and the length of the EFF explosive system was modified to protect the 
Te fl on. 
6.20.2 O/her problems 
There were other problems that were not identified after this experiment. It was 
subsequently lea rned that on ly one of the Procyon load c losing switches in a parall el 
alTangement could conduct within the platllled duration of the load current, 500 ns; see 
Chapter 5. As on ly one switch conducted, the inductance of the switch system was 
increased significantly, and hence, the load current riseti me was increased and the 
peak current was reduced. It was not possible to know that at the ti me. 
Later, it was leamed that there were a lso other potential prob lems with the FCG 
that could lead to breakdown. The way the insul ation was placed across the ins ide of 
the storage inductor wou ld allow surface flash over to occur, with a consequent loss of 
current. 
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6.21 ICE-S 
The problems identified for ICE-4 necessitated considerable redesign and 
manufacture of the HEPP-ICE hardware. First , the FCG was changed to the 5- in . x 4-
in. design. To increase confidence in the use of this FCG, a characteri zation 
experiment was done, as described in Chapter 4. This enabled the author to construct 
a more accurate predicti ve model for the device. 
Table 6-S. Detail s of ICE-5. 
FCG type 5 x 4 in. with polypropylene insulation 
EFF type S- in . di am. , cylindrical, with insulating stretcher 
hardware, 30 patterns 
EOS expt. with VISAR No 
diagnostics 
Strip line insulation Mylar with aluminum clamps 
Storage inductor 40 nl-l 
Clos ing switches Procyon, 2 stages, 7 switches total 
FCG Crowbar switches Yes 
Load Brass, 2 cm wide 
The basic components were the same as for ICE-4, the major difference from the 
point of view of the electrica l circuit, was the FCG, which was now the 5- in . x 4- in. 
design. This design does not produce as high a dlldl as the 125 x 120-mm devices, 
and hence, it is less likely to break down. Until the problems with the current transfer 
to the load could be corrected, there was no point in attempting to obtain EOS data 
and the VISAR was not used . The load metal was changed fro m copper to brass for 
convenience, but the basic des ign dimensions were unchanged. The overall 
experimenta l layout was the same as in Figure 6-20. 
With the aid of SCA T95 circuit modeling, the load c los ing switch times were 
reduced compared to ICE-4, so that the peak EFF voltage would be closer to 120 kV 
and would avoid breakdown. One significant omission in the preshot circuit 
ca lculations was that the author overl ooked the effect of dUdl in the load when 
calculating the vo ltage across it. The true voltage across the load will be 
d( LI ) 
dl 
dl dL L - + 1- and when the load current transfer is as designed, the load 
dl dl 
e lectrodes separate vety rapid ly under the acti on of the magnetic pressure and IdUdl 
can be large (tens of kV) . (This term represents the energy required to fill the ever 
increas ing vo lume between the electrodes with magnetic energy.) Hence, the 
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predicted load current of 10 MA and the dlldts were grossly overestimated; if dUdt 
had been considered the pred icted current wou ld have been closer to 7 MA . 
6.22 Results of ICE-S 
Table 6·9. ICE-5 Results. SummalY of designed va lues and actual val ues. 
Value Des ign Actual Units Comments 
V bank 19.50 19.57 kV 
Current start 15.25 15 .24 ~I S 
Seed current peak time 79.90 80.79 fl s 
Seed current peak 2.00 2.00 MA 
FCG start 79.90 80.10 fl S 
EFF first motion 9 1.40 9 1.48 flS 
Peak FCG current time 94. 10 93 .95 flS - 79% of expected va lue 
Peak FCG current 11 .50 9.04 MA 2.5 MA low 
FCG crowbar closure 94.40 fl s ot detected 
Swl closure 94.40 94.36 fl s 40 ns early 
Sw2 closure 94.60 94.54 fl S 60 ns early 
Peak load current 10 .00(7) 2 .91 MA Prediction was erroneous, should 
have been 7 MA, see tex t 
Load 10-90% ri setime 800 904 ns 
In itial load dUdt 8.0 ? T Als Too sma 11 to measure 
SecondalY load d Udt 22 .0 6.3 TAls 
Veffpeak 11 7 126.5 kV 
Vload peak 50 15.5 kV 
Possib le causes of low Conduction through a single Procyon switch. Breakdown 
load current adjacent to clamps and for in the storage inductor. Shock 
induced breakdown in EFF. Arcing in storage inductor. 
The results of the experiment were agai n di sappointing. The peak load current 
was on ly 2.9 1 MA, essentia lly unchanged fro m ICE-4, but the 10-90% ri setime was 
signifi cantly reduced to 904 ns; it was 5.97 fl s in ICE-4. The EH detonator system 
functioned correctly thi s time, and the timings of the various components we re as near 
perfect as was possible. As before, it was not known at the time of the experiment 
that the Procyon switches could not transfer the designed current because of their 
vo ltage sensiti vity (Chapter 5). Only one of the parallel switches conducted, so the 
load current was low. 
6.22.1 Current data 
The current waveforms in Figure 6-26 show that the load current did not come 
close to merging with the FCG current. This implies that there was a 2 to 3-MA 
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Figure 6-26. ICE-5. The measured Faraday data : 
the FCG current in black and the load current in red. 
breakdown paralle l with the load 
circuit (refer to Figure 6- 10) in 
either: the EFF; the stripline; 
across the storage inductor; or a 
combination of these. 
The Rogowski co il data that 
were recorded inside the storage 
inductor show a lot of noise, 
which tS symptomatic of 
The differcnce between these two, in blue, is thc breakdown III the immediate 
presumed EFF current. vicinity of the Rogowski coil , 
see Figure 6-27. 
6.22.2 Switch performance 
The voltage data show a load vo ltage of j ust - 15.5 kY, compared to the EFF 
vo ltage of - 86 kY at the same time. Consequently, there was a vo ltage difference of 
- 71 kY across the Procyon load closing switches; further evidence that they could not 
120 
80 
40 
close correctly. For a voltage 
of 11 0 kY and an initia l dJ/d/ 
of 6.3 TA/s the inductance of 
the Sw2 switch must have 
o been - 11 nH ; an inductance 
91 .5 92.0 92.5 93.0 93.5 94.0 94.5 95.0 of <0 .5 oH was preferred. 
IJsec 
3~--~--~'-~--~--~--~~ 
2 
If) 1 
~ O~-----+--------~~~.~ 
f- -1 
-2 
-3 noise 
91.5 92.0 92.5 93.0 93.5 94.0 94.5 95.0 
JJsec 
Figure 6-27. Top: Voltage data across the EFF (large 
black signa l) and across the load (small red signal). Sw I 
and Sw2 indicate where the switches closed. Bottom: 
Rogowski coi l data from the storage ind uctor. EFF first 
motion was at 91.48 ~I S . 
6.22.3 Absence o/breakdown 
in the load sec/ion 
The combined taper and 
load inductance was 
calculated to be 2.76 nH [65]. 
To test the quality of the 
CU tTent data and voltage data 
assoc iated with the load, L 
dJ/d/ shou ld equa l If before 
the load started to move, i.e. , 
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before dUdt became finite. The derivative of the Faraday load current data was 
obta ined with an NERD filter [83] with a 10-M Hz upper cut-off frequency, a 40 dB 
stop band attenuation and a 8-M Hz transition ; thi s was then multiplied by L, and the 
results are shown in Figure 6-28. The agreement is good enough to demonstrate that 
20 
15 
~ 10 
5 
O~~~~~~uL-------------------~ 
~.O ~.2 M .4 ~6 ~.8 ~o ~. 2 ~4 
usec 
Figure 6-28. Comparison of measured (blue data with 
high frequency ringing) and calculated load vol tage 
(black). 
there was no breakdown across 
the load and taper section 
downstream from the Faraday 
probe. If the measured voltage 
data are filtered with an 
equivalent band pass filter to 
the 10-M Hz NERD fi lter 
above, the match IS even 
better. 
6.22.4 Likely magnetic 
pressure 
Although no VISAR data were recorded, it is poss ible to ca lculate the magnetic 
pressure between the load plates, see Chapter 2. Because of the poor current transfer, 
the magnetic pressure was probably onl y - 12 GPa. 
6.23 Conclusions for ICE-S 
It was not c lear why the peak FCG current was lower than predicted, but the most 
li kely candidates that were considered were breakdown in the stripline, the EFl', at the 
output of the FCG. Later it was reali zed tbat breakdown in the storage conductor was 
poss ible; see the results for ICE-6. Of course, the problems with the Procyon switches 
were not understood at the time. There were clearly electrical breakdowns in parallel 
with the EFl', which diverted current away from the load, as seen in Figure 6-26. 
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6.24 ICE-6 
In the general "witch hunt" to find the cause(s) of breakdown, a number o f 
changes were made to the insulation thro ughout. The storage inductance was also 
reduced to 25 nH from 40 nH , to reduce the vo ltage at the output to the FCG. 
Extensive circuit modeling showed that thi s would stil l provide the load current that 
was needed. 
Table 6-1 0. Detai ls of ICE-6. 
FCG type 5 x 4 in . with polypropylene insulation 
EFF type 8-in. diam., cylindrica l, with insulating 
s tretcher hardware, chamfered explos ive, 
30 patterns 
EOS ex pt. with VISAR Yes 
diagnosti cs 
Stripline insulati on Mylar with aluminum clamps 
Storage inductor 25 n H 
Closing switches Procyon, 2 stages, 7 switches total 
FCG Crowbar switches Yes 
Load Copper, 2 cm wide 
6.24.1 Modifications to EFF explosive 
A key part of the EFF insulation is the " top-hat" insu lator that prevents electrical 
breakdown between the stripline and the a luminum foi l. The detonation wave could 
poss ibly destroy Ihe top hat insulation before the experiment was completed. So, the 
corner of the explosive was beveled to give a 10-mm gap between the explosive and 
the insulator, and thus delay the damage. The ca lcul ations in support of these 
modi fi cations are described in detail in Chapter 4. 
6.24.2 Modifications to Fee timing 
When the seed cUlTent is passed into the FCG, the aluminum plates of the 
generator are subjected to magneti c forces. Under the accelerating action of the 
magnetic pressure, the plates move apart as a function of the time squared. 
Consequentl y, it is common practi ce to reduce thi s effect by reducing the duration of 
the seed current. I f the FCG is started when the time is 90% of the time to peak, the 
peak current will be within I % of the peak, whereas the di stance moved will have 
been reduced by - 20% of the origina l; thi s was done for ICE-6 onwards. 
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Tablc 6· 11. ICE-6 Results. 
Value 
V bank 
Current start 
Seed current peak time 
Seed current peak 
FCG start 
EFF first motion 
Peak FCG current time 
Peak FCG current 
FCG crowbar closure 
Sw l closure 
Sw2 closure 
Peak load cun·ent 
Load 10-90% ri setime 
Initi a l load dUdt 
Secondaty load dUdt 
Veff peak 
V load peak 
Poss ible causes of low 
load current 
6.25.1 Current dala 
Experimel1lal De\'e/opmem and Pet!ormol1ce 
Summaty of designcd values and actual va lues. 
Des ign 
19.50 
15.25 
73.44 
1.983 
73.44 
85 .94 
88 .14 
12.40 
94.40 
88.69 
88.74 
7.80 
525 
8. 1 
Actual Units Comments 
19.46 kV 
15.06 fl s 
73.05 flS 90% of Y.. period to reduce plate 
movement 
1.9 1 MA FCG I Sf motion earl y 
73.07 fl s Early by 370 ns 
89.64 fls Late by 300 ns 
87.75 fl s 
9. 14 MA - 74% of expected value 
~l S Not de tected 
88.44 fl S Earl y by 250 ns 
88.59 fl S Ea rly by 150 ns 
3.50 MA Better than ICE-5 (2 .9 1 MA). 
FCG and load currents merged 
1096 ns 
3.8 ± 0 .6 T Ns Diffi cu lt to di stingui sh Sw I from 
2 
18.0 4.3 ± 0. 1 T A/s 
11 2 104 kV Sw l early, hence V is low 
59 17 kV 
Conducti on th rough a s ingle Procyon switc h. Breakdown 
adjacent to c lamps and/or in the storage inductor. Arcing 
in storage induc tor. 
The current transfer of ICE-6 was li ttl e differe nt to ICE-5, and with hindsight, that 
is no surprise as the Procyo n switch problem was yet to be identi fied and corrected. 
The current data in Figure 6-29 do show that the load and FCG currents eventuall y 
merged at - \ 05 ~lS, as the EFF current fe ll to zero, which suggests that one of the 
breakdown prob lems had been cOITected. It is presumed that this was d ue to the 
addition of the beve l inside the EFF to protect the top hat insulation. 
The FCG current was low, 9 vs. 12 MA, which may have been caused by 
breakdown in the storage inductor aga in; th is breakdown w ill addressed for ICE-7. 
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The load c losing switches 
closed early, but of course, 
the timi ng was designed to go 
earl y ra ther than late to avoid 
breakdown, and the dev iati on 
was w ithin the expected 
range, so there was nothi ng 
wrong here. 
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Figure 6-29. ICE-6 Faraday data . Currents fro m left to 
righ t at the I MA level : FCG, load , calculated EFF 
(FCG - load). 
6.25.2 Voltage and dl/dt data 
The Rogowski dlldt data 
recorded III the storage 
inductor and the vo ltage data 
are shown in Figure 6-30. T he dlldt data show that a like ly breakdown occurred in the 
storage inductor aga in. Superimposed on the ori g ina l data are th e same data passed 
through a 15-MHz low pass ER fi lter [83]. The fi ltered data make it c lear that there 
was some form of breakdown at - 84.5 fl s, and this significant ly reduced the growth in 
1 
tJ) 
<-1 
~ 
-3 
-5 
84.0 85.0 86.0 87.0 88.0 89.0 
J..lsec 
100 
80 
> 
60 
.:.: 40 
20 
0 
84.0 85.0 86.0 87.0 88.0 89.0 
J..lsec 
Figu re 6-30. ICE-6. Top: Rogowski dl/dt in storage induetor, origina l (noisy) data in black, 
15-M l-l z low pass fi ltered data in red . Boltom: EFF (b lack, large) and load voltage (red small) 
data. 
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the dlldl; this is the likely cause of the current loss in the FCG, i.e. , from 12 MA peak 
to 9 MA . Just as in Figure 6-28, the voltage across the load agreed with the value 
calculated fi'o m Ldlldl, so it appea red there was no breakdown in the load. This was 
no surpri se, g iven how low the voltage was (17 k V). 
6.25.3 VISAR dala 
The VISA R traces that were obtained (not shown) were of fair quali ty, i.e., they 
were noisy, and because of the long ri setime, the peak surface ve loc iti es at the point of 
arri va l of rarefactions fro m the rear faces were onl y - 538 m/ so The data were not 
analyzed. 
6.26 Conclusions for ICE-6 
Once agai n, the peak FCG current was lower than pred icted, but it now looked 
certa in that there was breakdown in the sto rage inductor. The breakdown in the EFF, 
that had probably occurred in prev ious experiments also, was probably caused by the 
detonati on wave desh'oy ing the insu lation, and thi s appeared to have been corrected 
with the new bevel on the ex plosive. 
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6.27 ICE-7 
6.27.1 Insult/ion o/s/orage induc/or 
After lCE-6, it was clea r that there was a poss ibili ty of breakdown in the storage 
inductor, so a series of experiments were performed on a mock-up of the storage 
inductor. The goa l was to develop 3n insulation scheme that would withstand a static 
vo ltage difference of 120 kV. ' The purpose of these insulation tests was to develop a 
scheme to mitigate agai nst surface flashover, because it was known that the bulk 
breakdown was not likely to occur. The bulk dielectric strength of Mylar is 
- 150 M V/m, so a 1.5-mm thickness should withstand - 240 k V under static 
conditions. t 
The general layout of the insu lation tests is shown in Figure 6-3 1. The top of the 
storage inductor was removed so that a static electric fi eld could be deve loped along 
the insulation between the top electrodes, A and B. The original insulation was placed 
flat across the bottom of the storage inductor, as shown in the top of the fi gure. The 
Table 6· 12. Storage inductor insulati on schcmes and results in 
prcparation for I E-7. Columns A, B, and C correspond to the 
relative potemials of those three electrodes. 
Lnsulation Peak 
A B C Surface vo ltage Breakdown 
+V 0 +V Flat 84 YES 
+V 0 0 Flat 80 YES 
+V 0 0 Flat 90 YES 
-V 0 0 Flat 100 YES 
+V 0 0 Lifted 104 YES 
-V 0 0 Lifted -11 8 NO 
+V 0 0 Lifted 85 YES 
-V 0 0 Li fted - 11 9 NO 
+V 0 0 Lifted 87 YES 
-V 0 0 Lifted -11 8 0 
inside faces of electrodes A and B were set 267 I11m apart, a ll electrodes were 6 1 cm 
wide and 12.7 111111 thick. As with all our shots, all the edges of all the e lectrodes were 
carefully smoothed to a - 1-ml11 radius to minimize high electrical stress points. The 
• The breakdowll strength wou ld be higher under pulsed conditions - because streamers take lime to 
spread [71]. 
t It was learned later that the pressure points underneath the stripline clamps could lead to 
breakdown, see "Pressure points from clamps and dielectric breakdown" in Chapter 4. 
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, Mylar l--- Top removed I 
A I~I B 
c 
A XPS B 
c 
Figure 6-3 1. Insul ation schemes in the storage inductor. Top: the original scheme showing 
surface track ing between electrodes A and B at the bottom of the cav ity, thus bypass ing th e 
inductance of the cavity. Bottom: the modifi ed insulation showing the Mylar insulation 
lifted up by expand cd polystyrcne (XPS), thus forcing thc surface track ing to follow the 
contour of the top of the inductor cavity. 
Mylar insulation was 1.5 mm thick, made from thirty 50-~1I11 thick sheets. ote that 
Los Alamos is at an altitude of 2130 m, so the lower atmospheric pressure is more 
fa vorable to surface tracking [7 1] and bulk breakdown in air. The various tests are 
summarized in Tab le 6-12. 
6.27.1. 1 Flat Mylar always failed 
The first four tests were performed with the Mylar laid fl at acro s the surface, as 
in the top of Figure 6-3 1. Whether the app lied voltages were pos iti ve or nega ti ve, the 
insulation could not withstand a potential difference of 100 kV . Clearly, thi s could be 
the cause of breakdown in the inductor. 
6.27. 1.2 Raised Mylar prevented breakdown 
The nex t thing to try was the lifted Mylar insulation scheme shown in the bottom 
of Figure 6-3 1. Here a block of ex panded polystyrene was used to rai se the Mylar up 
to where the lOp electrode would be. In thi s way, surface tracking would be forced to 
fo llow the contours of the storage inductor and could not reduce the inductance. (The 
electric fi eld along tha t surface would be near zero when the top electrode of the 
cavity was in place.) 
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Returni ng to Table 6-1 2, for positive potentia ls on e lectrode A the breakdown 
voltage was marginally increased, but fo r negat ive potenti als, it would not break 
down. The test was repeated three times, and it did not fa il. As it was a negati ve 
potentia l when we observed fa ilure in prev ious HEPP-ICE experiments, we had 
so lved the problem of breakdown in the inductor. This scheme was used fo r a ll 
subsequent HEPP-I CE experiments. 
6.28 I CE-7 Experiment 
6.28. 1 Tungs/en load 
Tablc6- 13. Dctailsof ICE-7. 
FCG type 5 x 4 in . with polypropylene insulation 
EFF type 8-in. dia m., cylindri ca l, with insu lating 
stretcher hardware, chamfered 
ex plos ive, 30 patterns 
EOS expt. with VI SAR d iagnosti cs Yes 
Stripline insulation Mylar with a luminum c lamps. Mylar raised 
within storage inductor. 
Storage inductor 25 nH 
Clos ing switches Procyon, 2 stages, 7 switches total, fired 
simultaneously 
FCG Crowbar switches Yes 
Load Tungsten , 1.2 cm wide 
This was the fi rst HEPP-ICE experiment where a tungsten load was used. 
Tungsten has a signifi cantly higher wave impedance (the product of the density and 
wave veloc ity, see Chapter 3) than copper. Consequently, for a g iven magnetic 
pressure, the particl e velocity wi \I be smaller the load e lectrodes wi 11 separate slower, 
and dUd/ will be smaller. The load des ign was essenti all y the same as used 
previously (Figure 6-21) but the load width was reduced to 1.2 cm to increase the 
magneti c pressure. This was a complete EOS data-ga thering experiment. Tungsten is 
less li kely to develop a shock than copper, so the current need not be turned on as 
gentl y as it was in previous experiments. Consequently, both stages of the load 
clos ing swi tches were fired simul taneously. (This was undoubtedly futil e because 
onl y one Procyon switch would conduct.) 
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6.28.2 Vo ltage diagnostic/or switches 
By this stage it was suspected that there may be a problem with the Procyon 
switches, so a voltage probe was added across the switches. 
6.28.3 Storage inductor insulation and additional Faraday 
As just described, the storage inductor insulation was ra ised. To check for bu lk 
breakdown, an add itional Faraday diagnostic was added between the sto rage inductor 
and the FCG. 
6.29 Results of ICE-7 
Table 6-14. ICE-7 Results. Summary of designed va lues and actua l values. 
Va lue Design Actual Units Comments 
V bank 19.50 19.52 kV 
CUITent start 15.25 15.045 fl s 
Seed current peak time 73.44 fl s 90% of 1. period to reduce plate 
movement 
Seed current peak 1.983 2.0 1 MA 
FCG start 73.44 fls 
EFF first motion 85 .94 85.64 fl s 
Peak FCG current time 88. 14 87.74 fl s 
Peak FCG current 12.40 9.93 MA - 80% of expected va lue 
FCG crowbar closure 94.40 fl S 
Sw l closure 88.69 88 .42 fl s 
Sw2 closure 88.69 88.48 fl S 
Peak load current 6.0 3.3 1 MA Late breakdown in storage 
inductor detected . 
Load 10-90% ri setime 725 668 ns 
Initial load dUdt 8.4 1.75 TA /s 
Secondary load dUdt 6.9 TA/s 
Veffpeak 95.9 kV 
V load peak 39 kV 
Poss ible causes of low Conduction through a single Procyon switch. Breakdown 
load current adjacent to clamps, in EFF and/or in the storage inductor. 
Arcing in storage inductor. 
6.29. 1 Current data 
The Faraday current data in Figure 6-32 showed that the load current was small , 
3.3 1 MA , but it had a ri setime of 668 ns, which was an improvement over previous 
experiments. At 89.64 ~IS , the two measured FCG currents diverged, wh ich i 
evidence that there was a late breakdown in the storage inductor at that time. 
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Figure 6-32. ICE-7 Faraday currcnt data. The black 
and red curves were both the FCG current. The 
black curve was measured upstrcam from the storagc 
inductor and thc rcd curve was measured insidc the 
storage inductor. The blue curve is the load current. 
6.29.2 Voltage data 
Fortunately, thi s occurred after 
the load current had peaked and 
therefore had no effect on it. 
The load current did not 
merge with the FCG current at 
any time, so there was a 
breakdown parall el with the load 
across the EFF, the stripline, the 
storage inductor, or a 
combination of these. It should 
be noted that the EFF cu rrent 
need not fa ll to zero for the 
correct operation of the circui t. 
The TopS PI CE model 
ca lculations often show non-zero 
EFF currents at late times. 
The voltage data across the load closing switches (F igure 6-33) show that they did 
not completely close in the timescale of the experiment. The voltage across them was 
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- 40 kV when zero was 
required . There was now no 
doubt why the transfe r of 
current to the load was so poor, 
the switches or, ra ther the single 
switch that started conducting 
fi rst, had too high an 
impeda nce. As a cbeck on tbe 
quali ty of the data, the sw itch 
and voltage data were added ~~~~~~~~~~~! 
85.5 86 .0 86.5 87.0 87.5 88.0 88.5 89.( together and compared to the 
)Jsec 
Figure 6-33. ICE-7 voltage data. The red and blue EFF vo ltage. Tbere was close 
curves that excecded ' 90 kV were the closing switcll 
. agreement betwee n them, so the 
and EFF vo ltages. The black curve was the voltage 
across the load. measured vo ltage data could be 
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trusted and the vo ltage signa l across the load closing switches was correct. 
6.29.3 VISAR dala 
The VISAR traces (not shown) were aga in somewhat noisy and had some unusual 
structure on them. There were steps in the data that could not poss ibly be associated 
with any known phys ica l properti es of the tungsten. Given the low peak surface 
ve loci ti es (- 500 m/s) and the suspicious structure, there was little point in ana lyzing 
the data. 
6.30 Conclusions for ICE-7 
It was clea r that the Procyon switches were responsible for the poor current 
tra nsfer to the load, but there were also other breakdown problems to be addressed. 
Consequently, the Procyon switch was abandoned and a new swi tch had to be 
invented, developed, and characterized before another HEPP-ICE shot could be fired; 
thi s was a lot of work. Another witch-hunt was initiated to identify the cause(s) of 
breakdown in the system and to correct them. 
166 
Chapter 6 Experimental Del'e/opmel1l olld Peljormance 
6.31 1CE-8 
6.3 1.1 Load closing switches 
An ent irely new load switch, the polyimide, shock-induced closing switch, was 
invented, developed and characterized for this experiment, to replace the Procyon 
switches; a total of 23 experiment were fired in the process. The ful l details of thi s 
poly imide switch des ign , development, and testing are presented in Chapter 5. Thi s 
was the first complete HEPP-ICE experiment to use the new switch. 
Table 6-15. Details orICE-S. 
FCG type 5 x 4 in . with polypropylene insulation 
EFF type 8- in . diam. , cylindrica l, with insu lating 
stretcher hardware, chamfered 
explosive, 25 pattems 
EOS expt. with VISAR diagnostics No 
Stripline Po lyi mide insulation with G- I 0 clamps and 
stee l bolts . Polyimide raised w ithin 
storage inductor. Grooves fo r Fa radays 
by switches. 
Storage inductor 25 nH 
Clos ing switches Polyimide, I stage, 3 switches total 
FCG Crowbar switches Yes (Procyon type) 
Load OFHC copper, 2.0 cm wide, 2.60 nH 
To ensure that a ll three polyi111ide swi tches were conducting in para ll el and 
simul taneously, individual grooves to accommodate Faraday loops were machined 
into the under surface of the stripline around each outs ide swi tch, and the tota l current 
was measured in the load for all three switches. The current in the center switch was 
obta ined by subtracting the currents of the two side switches from the tota l load 
curren t. 
6.3 1.2 Insulation 
The new polyimide clos ing switches use polyimide insulation, instead of the 
Mylar insul at ion of the Procyon switches, so polyimide was used throughout the 
complete apparatus. 
6.31.3 EFF 
In addi tion to the chamfers to the ex plos ive added for ICE-6 onwards, the two 
outermost pentoli te explosive initiators were removed and the num ber of patterns was 
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reduced from 30 to 25. This added further protection for the insulation at the output; 
see Chapter 4 for more details. 
6.3/.4 G-/O clamps 
Aluminum clamps were used previously to hold together the top and bottom 
plates of the stripline. This was necessary to minimize air gaps between the layers of 
insul ati on. (The performances o f both of the c los ing switches were adverse ly affected 
by ai r gaps.) There was concern that the a luminum c lamps might fac ilitate 
breakdown. For all the subsequent experiments, square-crossed sectioned hollow 
tubes of glass reinforced plastic (GRP), I.e., G-IO, were used instead; they were 
- 100 mm on a side and - 1.2 m long, see Figure 6-39. The tubes extended 
approximately 150 mm beyond the insulation, where they were pulled together with 
heavy all-thread steel bolts. The c lamp compress ion was steadil y increased until the 
gaps adjacent to the load closing switches were minimized. 
6.3 / .5 ViSA /? 
To reduce costs it was decided to concentrate on the development of the H EPP 
system alone, until that system was deemed ready for EOS experiments. 
Consequently, the VISAR diagnostics were not used on thi s shot. In fact , the VISAR 
system was not used again until ICE- 12. 
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6.32 lCE-8 Results 
6.32.1 Current data 
Given how much effort was put into making this experiment a success, the results 
were vety disappointing. 
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The peak load current was 
3.14 MA with a long 
ri setime of 1.8 18 fl S, see 
Figure 6-34 and Figure 6-
35. As before, the peak 
FCG current was 79% of 
the va lue predicted by the 
mode l. Moreover, the 
~~O~2~O~3~O~4~O~5~O~6~O~7~O~8~O~9~O~1~OO~1~10~ 
EFF appeared to turn off 
very slowly, or there was 
a breakdown paral lel to 
the EFF, which exp lains 
the poor cunent transfer to 
the load. The load and 
Ilsec 
Figure 6-34. ICE-8 Faraday currents. From top to 
bottom at 95 ~I S are the FCG, load, and calcu lated EFF 
currcnts. 
1000 
800 
~ 600 
400 
200 
o~~~~~~~~~~ 87.5 88.5 89.5 90.5 91 .5 
~sec 
Figure 6-35. Individual ICE-8 poly imide 
closing swi tch currents (Faraday). Center 
switch (b lack) and side switches (red and 
blue). 
FCG currents did eventua ll y merge, but 
much too late compared to the req uired 
duration of the load current. 
6.32.2 Poly ill1ide load switches 
functioned as designed 
The Faraday data fo r the individua l 
polyimide sw itches ( Figure 6-35) 
showed that, within the error of the 
measurement of - Y:.%, all th ree 
conducted in pa rallel s imu ltaneously, 
and that they equal ly-divided the load 
current between them. Clearly, th is 
was welcome news. 
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6.32.3 Voltage data 
The load closing switch data (F igu re 6-36) show a disruption of the vo ltage across 
the EFF at 87.4 ~s. This cou ld have been a breakdown across the EFF and adjacent 
stripline, but it is more likely to have been a breakdown in the vo ltage diagnostic 
itself. This is because the voltage across the closing switches did not suffer the same 
magnitude of di sruption, which wou ld have happened if it had been a rea l system 
breakdown. 
120 
100 
80 
> 60 
.:.: 
40 EFF 
Load 
20 
0 
-20 Switch 
84.0 85.0 86.0 87.0 88.0 
usec 
The load voltage data 
shows the vo ltage 
apparently gOl11g negati ve 
before the start of load 
current fl ow. Inducti ve 
coupling between the 
stripline and the voltage 
diagnosti cs undoubted ly 
caused thi s. Unfortunately, 
whatever this disturbance 
was, it perturbed all three 
measured voltages. 
Consequently, it was not 
Figure 6-36. ICE-8 Voltage data: EFF (black); closing poss ible to measure the 
swi tches (rcd); load (blue). voltage across the switches 
at the start of current fl ow. 
Therefore, it is not known if the switch vo ltage fell to near zero as required. 
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Table 6- 16. ICE-8 Results. SUITIITImy of designed values and actual va lues. 
Value Des ign Actua l Units Comments 
V bank 19.50 19.42 kV 
Current start 15.25 14.95 ~IS 
Seed cun'ent peak time 72.27 72.07 liS 90% of Y. peri od to reduce plate 
movement 
Seed current peak 1.89 1.91 MA 
FCG start 72.27 72.07 liS 
EFF first motion 84.77 84.43 lis 
Peak FCG current time 87.0 86.72 liS 
Peak FCG CU1Tent 12.60 9.93 MA - 79% of expected va lue 
Switch c losure 87.62 87.85 liS 
Peak load cUlTent 7.9 3. 14 MA 
Load 10-90% ri setime 570 18 18 ns 
Initi al load dUdt 16 4.9 TA/s 
Veff.pCllk- I-1 106 kV Diagnostic breakdown @ 87.4 liS, 
rrvultage-pl'ell 
V load peak 58 15 kV 
Possible causes of low Breakdown adjacent to c lamps, in EFF and/or in the 
load current storage inductor. Arcing in storage inductor. 
6.33 Post mortem analysis of ICE-8 
Analysis of the data showed that the new load c los ing switches shared the load 
current equally and there was no signifi cant time jitter between them. A ll the voltage 
data had a disturbance on them near the time of the start of load cu rrent now, so it is 
not known what vo ltage was across the switches at curre nt start. There was clearly 
some form of breakdown in or nea r the EFF, which was probably responsible for the 
poor current transfer to the load. The following possible causes of fa ilure were 
cons idered the most likely. 
6.33.1 Fee failure and storage indllctor arcing at currenl joints 
FCG failure was poss ible, but a failure in the storage inductor that caused arcing 
was more plausib le, see below. One of our team, Jim King, pointed out that there was 
a weakness in the design of the storage inductor that cou ld cause resistive arc ing. The 
nibs of the CUITent joints ' that connected the sidewall s of the box to the bottom and 
top, were very close to the edges of the storage inductor box and could eas il y move 
and sl ip off, see the sketch of Figure 6-37 and the photograph of Figure 6-39. Under 
• The current nibs were described in Chapter 4. 
171 
Chapter 6 
Magnetic 
forces 
Nib 
pushed 
out 
£xper;memal De\'elopmem and Pel/ormal1ce 
magnetic loading they were li kely to 
separate and arc, thus adding a series 
resistance to the circuit, and 
dissipating the stored flu x. This was 
possibly the event that started at 83.35 
ps, which clipped the FCG output 
current and lead to subsequent 
Figure 6-37. Storage inductor. Magnctic forccs 
push the vertica l conductor outward (to the breakdown; see Figure 6-3 8. 
ri ght), thus separating the outer clllTentnib from In Figure 6-38, the measured data 
the top surface. The heavy bolts that held the 
parts togcther arc not shown. are compared to those ca lcu lated fro m 
the model of the FCG. T here was 
c learl y good agreement between them up to 83.35 ps, when there was a s ignifi cant 
a nd l1() i.s.y-Q ~vG"geI1GG-().l'-the-datfu---1his-di-"e"getlce-CouJd--be-ex.pl a.i ned-b¥-ar.cing..auho;.e -----
edges of the box as the side wa ll s moved outward. It wou ld a lso explain the noise 
'" 1 ~ 
detected on the dlldl data (Figure 6-38), 
inside the storage inductor, that had 
been observed on all the expe riments to 
date. Note that thi s fa ilure does not 
exp lain the breakdown in para ll el with 
the EFF. 
6.34 Conclusions for ICE-8 
The results were disappointing, but 
there were some encouraging featu res. 
~sec Fi rst, the timing and current sharing of 
Figure 6-38. Measured dlldt in FCG (black) 
and ca lculated va lue (red). the new load c losing switches looked 
perfect. The analysis of the storage 
inductor arcing made it look almost certain that the current nibs would inevitab ly fail 
in every shot. This failure would readi ly ex plain the poor performa nce of the FCG to 
date. There was a lso a li kely fa ilure of the stripline insul a ti on adjacent to the clamps; 
but thi s fa ilure was only identified in later experiments. 
172 
Chapter 6 Experimental De\'e/opmenl {llld Peljonll(.ll1ce 
Figure 6-39. The ICE-8 storage inductor (on thc right) during asscmbly showing the G- IO 
clamps. 
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6.35 ICE-9 
6.35. 1 Modiflcatiol1sfor ICE-9 experiment 
The new storage inductor was manufactured from brass instead of aluminum, for 
additional mass, higher strength , and better contacts due to the absence of surface 
oxidation . The new des ign had reinforced corners to resist the expansion of the 
vertical conductors; the improved current joints are shown in Figure 6-40. 
This was another in the seri es of HEPP-ICE development shots, so no VISAR 
Fi gure 6-40. ICE-9. Top: Modifi ed storage 
inductor design showing the reinforced corners. 
The heavy bolts that held thc parts togcther are 
not shown. Bollom: photograph (from ICE-I 0) 
of the modifi ed inductor. 
diagnostics were used. For further 
simplicity, a rectangul ar load was 
substituted for the tapered load. 
An add itiona l Faraday rotation 
di agnostic was added to a groove on 
the inside of the EFF to di stingui sh 
between breakdown inside the EFF and 
breakdown adjacent to it. 
6.35.2 EFF 
In prevIous cylindrica l EFF 
assemblies, the al uminum I 100 had 
been glued with Eastman 9 10 adhesive 
across the entire surface of the 
ex plosive to keep it in place. There 
was concern that the glue could spoi l 
the performance of the exp losive and 
thus impair the performance of the 
EFF. F or this and subsequent shots, 
the aluminum was glued onl y to the 
ends of the ex plos ive, and the 
aluminum adjacent to the Teflon fonning di e was left clean and dry. In addition, a 
Faraday probe was added to the base of the EFF to detect breakdowns in the dev ice. 
Detail s of the EFF construction may be fo und in Chapter 4 . 
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FCG type 5 x 4 in . with polypropylene insulation 
EFF type 8- in . di am., cy lindrical , wi th insulating 
stretcher hardware, chamfered 
explos ive, 25 patterns. With Faraday 
diagnostic inside. Gluc on ends only. 
EOS expt. with V1SAR diagnosti cs No 
Stripline Po lyimide insul ation with G- I 0 clamps and 
steel bolts. Polyimide rai sed within 
storage inductor. Grooves for Faradays 
by switches. 
Storage inductor 25 nH, with non-slip joints made from brass 
Closing switches Polyimide, I stage, 3 switches total 
FCG Crowbar switches Yes (Procyon type) 
Load OFH C copper, 2.0 cm wide, 2.60 nH 
6.35.3 Load closing switches 
To improve the polyimide switch perfornlance further, the center switch was 
modified to use deeper grooves. These were 4.8 mm (3116 inch) deep. 
6.35.4 Diagnostics 
To check on the FCG crowbar and to detect breakdown, an additional voltage 
probe was placed across the output of the FCG. 
6.36 Results for ICE-9 
6.36. 1 Faraday cllrrel1ls jor IC£-9 
ICE-9 was a considerable improvement over ICE-8, see the top of Figure 6-4 1. 
The peak load current was 5.4 MA, but thi s had a late slow ri se over - 1.5 ps. The last 
- 800 ns o f current flow wou ld be useless for thi s ICE experiment because release 
waves wou ld arri ve much earlier. The useful portion of the current rose to 4 MA in 
750 ns. The load current and FCG currents merged later, which shows that the 
modified EFF fu nctioned without intel11al breakdown. 
One of the EFF currents shown in the fi gure is the first actua l measurement, 
recorded in the base of the EFF, rather than a ca lculated va lue. otice the good 
agreement between the calculated va lue (i. e., the difference between the storage 
inductor and load currents) and the measured va lue. The curves diverge, and then the 
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Table 6- 18. ICE-9 Results. Summary of designed va lues and actual va lues. 
Value Design Actua l Units Comments 
V bank 19.50 19.32 kV 
Current start 15.25 14.99 fiS 
Seed current peak time 72.27 72. 14 fis 90% of 1. period to reduce plate 
movement 
Seed current peak 1.90 1.93 MA 
FCG start 72.27 72. 1 fi s 
EFF first motion 86.77 86.48 ps Set 2 fl s later than ICE-8. 
Peak FCG current time 87.0 88.6 fi s 
Peak FCG current 12 .0 10.4 MA Better than for ICE-8 
Crowbar c losure 87.0 87.22 fiS Opened again at 88.6 ps 
Switch c losure 89.62 89.90 fiS Set 2 fi s later than ICE-8. 
Peak load current 7 5.5 MA Big improvement. Usefu l ri se to 
4 MA in 750 ns 
Load I 0-90% ri seti me 575 1584 ns Too slowl 
Initia l load dUdt 23 10.5 TAls 
Veffpeak 122 114 kV 
V load initial 33 7 kV FCG crowbar vo ltage 34 kV 
Possible causes of low Breakdown adjacent to clamps, in EFF and/or in the 
load current storage inductor. Arcing in storage inductor. 
measured va lue ends abruptly at 90 flS , probab ly because that was when the Faraday 
10p---~~-~--:;;;",~-~--, 
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:!: 4 
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~sec 
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:!: 0.8 
0.4 
O. 0 ~~:::::::::::::::o::::===~:::::::=,:::::.=::::::::c====::::il 
89.5 90.0 90.5 91.0 91.5 92.0 
~sec 
Figure 6-4 1. ICE-9 Faraday current data. Top: 
From top to bottom at 92 liS arc: FCG upst ream 
from the crowbar (bluc); storage inductor 
(black); load (green); EFF calculated (i ndigo) 
and measured (rcd). Bottom: Threc closi ng 
switches, the largest trace is the center switch. 
libel' was destroyed by shock waves 
ins ide the EFF. 
6.36.2 Currents in the switches 
The currents in the switches are 
shown in the bottom of Figure 6-4 1. 
The center switch with the deeper 
grooves conducted better than the 
other two, so thi s modi li ed des ign 
was employed in future experiments 
for a ll the polyimide switches. 
6.36.3 Storage inductor current data 
The storage inductor dlldt data 
(Figure 6-42) show that the measured 
va lues were aga in less than the 
ca lculated (predicted) va lues; 
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compared to the data of ICE-8 in Figure 6-38 there was no improvement. However, 
2.5 
2.0 
1.5 
1.0 
0.5 
o. o~~~:::=----J 
72 74 76 78 80 82 84 86 
~sec 
there was an improvement 
compared to ICE-9, and that was 
re fl ected in the larger to tal FCG 
cUITent, i.e., 10.4 MA for ICE-9, 
9.9 MA for LCE-S. The measured 
data were signifi cantl y less noi sy 
than for ICE-8, presumably because 
the arci ng at the current joints had 
been reduced by the modifica ti ons 
described above. 
6.36.4 Voltage ciata 
The most striking and Figure 6-42. ICE-9 measured (lower black 
curve) and calculated (upper red curve) cillcit 
in the storage induetor. surpns ll1g observation from the 
vo ltage data (Figure 6-43) is that 
the crowbar vo ltage went to zero at 87.2 !Is but then rose again at 8S.6 !IS. This is 
clear ev idence that the Procyon crowbar switches were not functioning correctl y; the 
voltage should have stayed at zero. Consequentl y, the FCG took flux back from the 
storage incIuctor and reduced the ava il ab le voltage and current availab le for the load. 
The load vo ltage was small because the load inductance was onl y 0.9 nH. The 
measured load vo ltage matches the ca lcu lated Le/licit fo r the load current, thus 
confirming the accuracy of the data. 
6.37 Conclusions for LCE-9 
The results were encouraging. The - 3 MA load current, that had been attained on 
all the previous shots, had fina ll y been exceeded; 5.5 MA was much better. This 
success was presumably due to the modifi cati ons to the storage inductor. 
The cillcit signal s recorded inside the storage inductor were signifi cantly less noisy 
than for previous shots; another indicati on that the problems with the current joints in 
the inductor had been corrected. However, flux was clearly lost back to the FCG 
when the crowbar switches opened up aga i n. 
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Figure 6-43. ICE-9 vohage data . Top: At 85 ~I S from 
top to bottom arc the vohages across the: FCG; EFF; 
and closing switches. Bottom: The same data on an 
expanded scale. The noisy black curve is the load 
vo ltage that has been multiplied by 10 for visibility. 
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6.38 ICE-tO 
ICE- IO was the breakthrough experiment. The results showed that we could 
develop large load currents with the appropriate ri setime for ICE experiments. With 
thi s experime nt, all the major prob lems associated with HEPP-ICE had finall y been 
addressed and con·ected . 
6.38. 1 Modi/ica/ions for lC£- 1 0 experiment 
Table 6- 19. Detai ls ofICE- IO. 
FCG type 
EFF type 
EOS expt. with VISA R diagnostics 
Stripli ne 
Storage inductor 
C losing swi tches 
FCG Crowbar switches 
Load 
5 x 4 in with polyethylene insulati on. 
8-in . di am., cy lindri cal, with insul ating 
stretcher hardware, chamfered 
explos ive, 25 patterns. Wi th Faraday 
diagnosti c inside. G lue on ends onl y. 
o 
Polyimide insul ation with G- I 0 clamps and 
tape . Reduced compression. 
Polyimide ra ised within storage 
inductor. Grooves for Faradays by 
switches. Kraft paper fi eld grading. 
25 nH , with non-s lip joints made from brass 
Po lyimide, I stage,3 switches tota l. All 
switches modified with deeper grooves. 
one 
Brass, 1.27-cm wide, 1. 54 nH 
6.38.2 Kra}i paper added /0 grade elec/ric}ields 
For all the H EPP- ICE experiments, the completed assembly was tested fo r 
breakdown prior to inserti on of the explos ive components; thi s had always been a 
diffi cult operation and could take days or weeks as vari ous parts broke down and had 
to be repa ired or replaced. Co ll eagues from the Air Force Research Lab. (A FRL) in 
Albuquerque, NM, suggested Ihat Kraft paper could be used to grade the fie lds on top 
of the insul ation. This technique was tTied and it was an instant success. Wi th 
practi ce, the whole assembl y could be tested by slowly raising the vo ltage to 120 kV 
without incident, within a few hours. See Chapter 4 for more details . 
6.38.3 Pressure points }i'om clamps 
The results of the previous experiments could be understood if the appara tus had 
been break ing down between 90 and 100 kV. However, the apparatll s had always 
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been breakdown tested to 120 kV under quasi-static conditions. Therefore, it seemed 
imposs ible for the stripli ne to breakdown at a vo ltage below 120 kV under dynamic 
conditions. 
After breakdown testing, it had been the practi ce to ti ghten the clamps to 
mll111TI1 Ze the air gaps adj acent to the load clos ing switches . However, in the 
breakdown experiments described in Chapter 4, it was found that the di e lectri c 
strength of the poly imide could be significant ly reduced under stati c compress ion. 
The compress ion of the clamps was found to be suffi cient to cause the breakdown that 
was observed. Consequently, the clamping was modi fied by gently draw ing the 
stripli ne plates together with the Y,-inch # 13 steel bolts tightened to a torque of 
- 40 N. m (30 ft .lbs), wrapp ing glass-reinforced tape around the clamps to maintain the 
tension, and fina lly removing the steel bo lts. The stripline plates were thus held 
tightly together without over-compress ion of the polyimide. 
6.38.4 Load 
A brass load of the same tapered des ign as for the EOS experiments (Figure 6-2 1) 
was used, bu t no VISA R was used. Thi s was not an EOS experiment. 
6.38.4. 1 Modifications to stripline beneath load 
As part of the process to reduce the pressure po ints, the underneath of the stripli ne 
adjacent to the load was mill ed to acco mmodate differences in insulation layer 
thi ckness, see Chapter 4 fo r deta il s. 
6.38.5 Crowbar 
The Procyon crowbar switches had c learly fa iled on ICE-9, so it was decided to 
do without them for ICE- IO. The timing of the FCG was adj usted so that the 
crowbars were not needed . Tha t is, the experiment was designed to be over w ithi n 15 
~ s after the sta rt of the FCG start (before FCG opens aga in). In thi s experiment, the 
reopening o f the FCG would occur too late to affect the current transfer to the load . 
Consequently, the opening o f the EFF and the c los ing of the load switches were 
brought forward by 3 ~s. 
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6.38.6 FCe insulation 
From other work, it was discovered that the polypropylene insulation shatters 
when shocked, whereas polyethylene remains intact. The FCG insu lati on was 
therefore changed from polypropylene to polyethylene, see Chapter 4. 
6.38.7 Diagnostics 
Another vo ltage probe was added across the current jo ints of the storage inductor 
to test for arcing at the join ts. 
6.38.8 Load closing switch grooves 
The grooves of all three closing switches were deepened to 4.8 mm to match the 
grooves on the center load switch of ICE-9. 
6.39 Results of ICE- I 0 
Tablc 6-20. ICE-IO Results. Summary of design cd values and actual valucs. 
Value Design Actua l Units Comments 
V bank 19.50 18.99 kV 
Current start 15.25 15.20 flS 
Seed current peak time 72.27 7 1.57 Jls 90% of Y. period to reduce plate 
movement 
Seed current peak 1.89 1.90 MA 
FCG start 72.27 71.95 Jls 
EFF first motion 83 .82 83.26 JlS Set 3 JlS earlier than ICE-9. 
Peak FCG Clln'ent time 87.0 85.70 Jl s 
Peak FCG current 11 .3 9.90 MA 
Switch closure 86.57 86.32 Jls Set 3 flS earli er than ICE-9. 
Peak load current 7.6 5.70 MA Great 
Load 10-90% ri setime 750 680 ns 
Ini tial load dJ /dt 23 8.6 T Als Due to lower vo ltage 
Veffpeak 106 66.5 kV Low 
V load initial 33 20 kV 56 kV peak 
Comments FCG outpu t voltage 29 kV at load switch closure. 
6.39.1 Current data 
The Faraday cun-ent data, Figure 6-44, show that the load current reached 5 .7 MA 
with a risetime of 680 ns; thi s was a s ignificant breakthrough. The major problems 
with the H EPP-ICE system had finally been overcome. The FCG current merged with 
the EFF data at late times (within experimental error) , and the addition of the load and 
EFF curre nts matched the FCG current so closely that they could not be dis tinguished 
18 1 
Chapler 6 Erperimelllol De\'elopmel1l alld Peliormal1C:e 
10 
8 
c:{ 6 
:2: 4 
2 
0 i 83 84 85 86 87 88 89 90 
~sec 
5 
4 
c:{ 3 
:2: 
2 
1 
0 I 
0 200 400 600 800 1000 1200 
nsec 
Figure 6-44. ICE- IO Faraday currents. Top: At 87 ~s , from top to bottom, the currents are in 
the FCG (blue), the load (black) and the EFF (red). Bottom: The load current and the three 
switch currents (a ll zeroed in time). 
apart in the figure. Therefore, there were no apparent electri ca l breakdowns in the 
system. The load switch currents were again we ll-matched in time and current 
ampli tude. The onl y problems were that the peak FCG current and peak load current 
were lower than predicted by the circuit model. 
6.39.2 Voltage data 
The voltage data (F igure 6-45) show that the EFF peaked at just short of 70 kV, 
which was signifi cantly less than the 106 kV that was predicted. It also funct ioned 
earlier than designed. ( In later experiments, it was learned that there was a problem 
with the machining to lerances of the EFFs, and these affected the timing and the 
vo ltage; see Chapter 4.) The load switch vo ltage fe ll to zero voltage (ignoring the 50 
M Hz ringing) in - IOns, which was vety sati sfactOlY. What was not satis factory was 
that the FCG voltage fell to - 30 kY afte r switch closure instead of zero, thereby 
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Figure 6-45. ICE- IO voltage data. The vo ltages from top to bottom at 86.5 ,I S are across thc: 
EFF (black); load (grcen); FCG (b luc); and the load switches. 
reducing the current that would have been avai lable from the FCG. This was 
presumably due to the absence of crowbar switches adjacen t to the output of the FCG. 
6.40 Conclusions forlCE-IO 
The success of the experiment demonstrated that there had indeed been 
breakdowns associated with the stripline, as suspected in previous experiments, and 
that the combination of the pressure relief at the c lamping points, the Kraft paper, and 
the modifications beneath the load had cOITected the problem. 
There were sti 11 issues to address, such as the low FCG and load currents, 
compared to the expected va lues, and the vo ltage and timing variations of the EFF. 
onetheless, the HEPP-I CE technique was ready to resume the EOS experiments. 
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6.41 ICE- I 1 
The purpose of ICE- I I was to bui ld on the success of ICE- la. The resources 
req uired to fie ld a VISAR system for this experiment were not ava il ab le, so thi s was 
not an EOS data gathering experiment. 
Table 6-21. Details or ICE- I I. 
FCG type 5 x 4 in with polyethylene insul ati on. 
EFF type 8-in. diam., cy lindrica l, wi th insu lating 
stretcher hardware, chamfered 
explosive, 25 patterns. With Faraday 
diagnostic inside. Glue on ends only. 
EOS expt. with VISAR diagnosti cs No 
Stri pline Po lyimide insulation with G- I 0 clamps and 
tape. Reduced compress ion. 
Polyi mide raised w ithin storage 
inductor. Grooves for Faradays by 
switches. Kraft paper fi eld grading. 
Storage inductor 25 nH , with non-s lip joints made from brass 
Clos ing switches Single stage, with polyimide switches: 3 
with the plane wave lens dri ve, I w ith a 
multipoint detonator drive - 4 swi tches 
total. All swi tches with deeper grooves. 
FCG Crowbar swi tches one 
Load Brass, 1.27-cm wide, 1.54 nH 
6.41. 1 Additional closing switch with detonator drive 
The poly imide load switches had proven to be very success ful so far, bu t they 
were velY expensive. The complete po lyimide swi tch comprised a I aa- mm diameter 
P- IOO plane wave explos ive lens that detonates a 25.4-mm thi ck, 76.2-mm diameter 
PBX-950 I booster charge. The P- IOO plane wave explosive lenses are expensive to 
manufacture, so an a lternate ini tiat ion sche me was tried . For this experiment the same 
three polyi mide switches were used as previously, each with the P- I 00 lens, but an 
add itiona l fourth switch was added , electrica lly in para ll el to the other three, and thi s 
was dri ven by fo ur detonators instead of a P- IOO, see Figure 6-46. Thi s additiona l 
switch lI sed the same type of PBX-950 I booster charge as the other three, onl y the p-
100 was replaced. 
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Figure 6-46. ICE- I I. The mult ipoint detonated polyimidc switch at the botlom right, 
situated downstream from the ccnter load switch, and two of the thrcc P- IOO driven 
polyimide load closing swi tches in the background. 
Preparatory tests were perfo rmed to prove that the modifi ed switch would work, 
and to obtain the correct ti ming of these swi tches. The one deficiency of these tests 
was that the switches could not be tested at the very high currents typica l of an ICE 
experiment, so its performance at high currents was unknown. So thi s HEPP-ICE 
experiment was used to test the switch. An addi tional groove fo r a Faraday rotation 
cun'ent diagnostic was added to measure current in the new switch. 
6.42 Results of ICE-It 
Having perfected the insul ati on techniques in ICE-I 0, the preparati on for ICE- I I , 
using the same techniques, went fl awless ly. For the first time the apparatus was tested 
for breakdown up to 120 kV, and it worked the fi rst time. Previously thi s high vo ltage 
testing could take days or even weeks to complete successfull y. 
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6.42.1 Current data 
This time the load current reached 4.86 MA with a risetime of 584 ns, wh ich was 
again good enough for an EOS experiment, but not as high as that of ICE-IO 
(5.7 MA). Even though the peak current was lower, it was very encouraging that two 
experiments in a row had been fired with the higher load current, good risetime, and 
no apparent breakdowns. 
Table 6-22. ICE- I I Results. Summary of design cd valucs and actual values. 
Value Design Actual Units Comments 
V bank 19.50 19.22 kV 
Current start 15.25 15.09 fl S 
Seed curren t peak time 72.27 72.03 fl S 90% of Y. period to reduce plate 
movement 
Seed current peak 1. 89 2.07 MA 
FCG start 72.27 72.07 ~I S 
EFF first motion 83.82 83.3 fl s 
Peak FCG current ti me 87.0 86.3 flS 
Peak FCG current 11.3 9.03 MA 
Switch closure 86.57 86.72 flS 
Peak load current 7.6 4 .86 MA Lower than ICE-I 0 
Load 10-90% risetime 750 584 ns 
In itial load dUdt 23 8.22 T Als Additional switch dl/dt = - 0.3 
TAls 
Veffpeak 106 103 kV 
V load initial 33 28.7 kV 55 kV peak 
Comments FCG voltage was 24 kV at load cu rrent start. New switch 
started 2 fls early. 
There were problems with the Faraday data. Several of the laser diodes became 
unstable during the experiment and thus the measured currents in the FCG and the 
new switch had erroneous steps in them. T he new polyimide switch appeared to have 
turned on 2 fl s early and thus introduced a foot to the load current; why it was early is 
not known. This early start cannot be detected in the voltage data, Figure 6-48, 
because the dlldt was on ly - 300 GAls so the initial Ldlldt would ha ve been - 500 V 
and was lost in the noise.' 
Because of the laser diode instability, the detonator-driven switch appears to have 
had a larger current in the early foot than there was in the load, which was imposs ible. 
Because of the uncertainty of the detonator-driven switch current , it was not possible 
• The vo ltage probes were always affected by mutual inductance effects from the intense magnetic 
fields in Ihe toad and Ihe FCG, see ICE- IS . 
186 
Chapter 6 Experimental Del'e/opmem alld Pelformal1ce 
8 
6 
< 
2: 4 
2 
0 i 
cl4 86 88 90 92 94 96 
I-Isec 
4.0 
< 
3.0 
2: 2.0 
1.0 
0 .0 i 04.0 85.0 86.0 87.0 88.( 
I-Isec 
Figure 6-47. ICE- I I Faraday data. Top: The currents rrom top to bOllom at 88 ~IS were in 
the: FCG (black); load (blue); and EFF (red). BOllom: The closing switch and load currents at 
87.5 fl s were in : the load (grcen); one outcr P-IOO switch (red); the new detonator-dri vcn 
swi tch (bluc); and the othcr outcr P-I 00 switch (bl ack). Thc FCG and dctonator-dri vcn switch 
data show crroncous steps causcd by unstable laser diodcs. 
to calculate the center switch current. However, the two outer P-I 00 driven switches 
had signifi cantly different peak cu rren ts of - 1.2 and 2.2 MA. It is not clear why they 
were so different. In previous experiments, they had shared about one- third of the 
load c urrent each, wh ich would have been - 1.6 MA . Given the location of the 
detonator-driven switch, i.e., immediatel y downstream from the cente r switch, it 
would be ex pected to interfere with the center switch current on ly rather than any of 
the two outer switches. 
6.42.2 Volloge dolo 
The vo ltage data in Figure 6-48 show the FCG vo ltage was aga in non- zero a t the 
time of load witch clo ure, which reduced the peak FCG current. The P- I 00 dri ven 
polyimide closing swi tches functioned cotTectly again , bringing the vo ltage across 
them down to zero at the start of load current fl ow. 
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The vohagcs at 87 J.lS were across the EFF; load; FCG and closing 
The di screpancy between the peak FCG and EFF vo ltages may have been due to 
poor placement of the voltage probes. In later experiments it was learned that mutual 
inductance between the intense magneti c fields throughout the apparatus and the 
vo ltage probes could introduce signi ficant errors. 
6-43 Conclusions for ICE- I I 
The good results of thi s experiment d emonstrated that the modifications to the 
insulation, c lamping, etc., which were first done for ICE-I 0, were indeed responsib le 
for the success. The test of the detonator-driven c losing switch was disappointing 
because the switch turned on too s lowly to be useful, and its timing was unreliable; the 
detonator-driven poly imide switch des ign was not used aga in . 
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6.44 ICE-12 
This was the first EOS experiment with the improved insulation , clamping, etc. 
One additional and significant change was to the load design. The load was OFH C 
copper. 
Tab le 6-23. Detai ls of ICE-12. 
FCG type 5 x 4 in with po lyethylene insulation. 
EFF type 8- in. diam., cyli ndri cal, with insulating 
stretcher hardwa re, chamfered 
explosive, 25 patterns. With Faraday 
diagnostic inside. Glue on ends on ly. 
EOS ex pt. with VISAR diagnostics Yes 
Stripline Polyimide insul ation with G-I 0 clamps and 
tape. Reduced compression. 
Poly imide rai sed within storage 
inductor. Grooves for Faradays by 
switches. Kraft paper field grading. 
Storage inductor 25 nH, w ith non-slip joints made from brass 
C los ing switches Single stage, with 3 para ll e l po lyimide p-
100 driven switches. A ll switches with 
deeper grooves. 
FCG Crowbar switches None 
New 2-piece Load Design OFH C copper, 1.27-cm wide, 2.6 nH 
6. 44.1 Two-piece load 
The ori ginal load was machined as a one-piece tapered assembl y. The one-piece 
design had the advantage of minimizing the number of current joints; see Chapter 4. 
Unfortunately, thi s load had to be bolted in place from the unders ide of the top 
stTipline plates. Th is was difficult to do, as the plates were so massive. Moreover, it 
meant that the load had to be insta ll ed at an ea rl y stage of the assembl y. The prob lem 
with that was that the load cou ld be as thin as I mm in the sample secti on, which 
made it very deli cate. It cou ld easily be damaged or distorted during handling. The 
so lution was to divide the load into two pieces, Figure 6-49. 
The bottom section was made from two separate brass pieces that could be bolted 
to the stripline from the top. The top section could be made from any metal and then 
bo lted to the brass section at the last minute, thus protecting it from mishand li ng. The 
one concern with thi s design was that an addit iona l CU ITent joint had introduced 
between the bottom and top pieces. The joint was likely to arc, and the intensity of 
that arc might destroy the po lyi mide insul ation and lead to dielectri c breakdown . The 
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arcing joint would also consume energy, and thus reduce the current transferred to the 
load. 
o 
o 
o 
Figurc 6-49. Two-piece load introduced for ICE- 12. Left , a photograph of the top samplc 
section wi th a 19-mm diametcr penny for sca le; the four load samplcs were built into the 
top section. Right, a sketch of the sample section on top of the tapcred brass basc. Thc 
basc section was 30 cm wide. 
The top section was also likely to separate from the brass under the action of the 
magnetic forces between the plates. The advantage of an ICE experiment is that the 
experiment lasts only - 500 ns. Consequently, the joint section was designed to be so 
thick that relief waves from the outs ide surfaces would be delayed by more than 
500 ns, and thus the waves wou ld not reach the inside surfaces before the experiment 
was over. 
6.44.2 VISA I? system 
The VISAR system proved much eaSIer to handle now that the load had been 
separated into two parts. The optical system setup could be perfected in the laboratolY 
up to an hour or so before the experiment. (Previously, it took a full day on the firing 
pad to prepare a shot.) 
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6.45 Results for ICE- 12 
Once again, the high voltage testing of the insulation was flawless. The apparatus 
was tested for breakdown up to 120 kV, and it worked the first time. 
Table 6-24. ICE- 12 Results. Summary of designed values and actual values . 
Value Des ign Actual Units Comments 
V bank 19.50 19.93 kV 
Current start 15.25 14.99 ~s 
Seed current peak time 72.27 72.04 ~s 90% of Y. period to reduce plate 
movement 
Seed current peak 1.89 1. 88 MA 
FCG start 72.27 72.04 ~s 
EF F first motion 83 .98 84.00 ~s 
Peak FCG current time 87.0 86.22 ~s 
Peak FCG current 11.3 9.05 MA 
Switch closure 86.57 86.49 ~s 
Peak load current 7.6 5.96 MA May have been 5.26 MA, see 
tex t. Good V I SA R da ta were 
obtained. 
Load 10-90% ri setime 750 648 ns 648 ns to 5.26 MA, 932 ns to 
5.96 MA 
Initial load dl/dt 23 9.3 TA/s 
Veffpeak 106 91.2 kV 
V load initial 33 24.5 kV 47.5 kV peak 
Comments FCG vo ltage probe fai led just before load current sta rt. 
Voltage estimated as - 20 kV at load current start. 
6.45.1 Vacllum system 
One problem that was encountered during assembly was with the vacuum system 
for the VISAR; it leaked badly in many different places. It was finally repa ired after 
many hours of daubing it with epoxy on a ll the joints, see Figure 6-50 which shows 
the top load section at an ea rl y stage of assembly, i.e., before it was completely 
obscured by epoxy. 
6.45.2 Sample measurement 
As discussed in Chapter 7, the th icknesses of the samples must be known to the 
highest precision, preferably to within ±- I ~m to ob tai n accurate EOS data. A 
problem that had not been anti cipated was the difficulty of measuring the load 
thicknesses accurate ly. The load was machined out of one so lid piece of copper. 
19 1 
Chapler6 
Figure 6-50. [CE- I 2 load and vacuum system on 
top of the tr iangular brass load-transmission 
plates. The copper tubes at the top lead to the 
vacuum system. The brass tubes below it arc for 
the four VI SA R probes. 
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Steps were diamond machined into the 
surface to foml four sample regions of 
different thicknesses, X I to X4 in 
Figure 6-51. 
Because the s lit was only 6 10 flm 
wide, it was not poss ible to measure 
the thicknesses with a micrometer. 
Instead, a shim was fashioned to fit 
inside the slit as close ly as poss ible, 
and then a depth micrometer was used 
to measure from the outside surface of 
each sample to the shim. The 
accu racy was checked by comparing 
the outside dimensions, measured with 
a micrometer, with the sum of the 
measured sample thi cknesses (e.g., X I + X3) and the shim. 0 matter how carefu lly 
these distances were measured, there was always an error of ±- 25 flm. 
6.45.3 VISAR synchronization 
The time synchronizati on of the individual VISAR signals is crucial for accurate 
EOS data, see Chapter 7.8. A ll optica l fibers in the system were trimmed to within 
25 mm length of each other, over a 
~ X2 ~mpl0 X1 ,~- ~' 
~mpI~ r- Sample 4 
' . X3 
X4 V 
I "-( S lit 1 J 
Figure 6-5 I. Sketch of the solid copper load 
asscmbl y showi ng the four samples, # I to #4. 
total length of - I 0 m. For the speed 
of li ght in the fibers of - 200 Mm/s, 
25 mm corresponds to a ti ming error 
of ±60 ps, wh ich was well within the 
timing accuracy of the VISAR system, 
i.e. , ±500 ps. Any differences in the 
lengths o f the coax ial cab les linki ng 
the VISAR photomultipliers to the 
digiti zers, and the cables linking the 
trigger system to the digiti zers, were 
corrected by app lying a single 
192 
Chapler 6 £xperimel11al Del'e/opmelll and Peljormol1ce 
o~~~~~~~~~ M.2 M.6 ~.O ~.4 ~. 8 M.2 
~sec 
Figurc 6-52. ICE-1 2 Faraday currcnts. At 87.8 fl S from 
top to bottom the currents are in the: FCG (black); load 
(blue); calculated EFF (grccn), i.e., FCG - load; and 
measured EFF (rcd). The apparent time of failure of thc 
EFF signal is indicatcd (- 87 .4 fI S). 
synchronization pulse to all 
channels simultaneously and 
measuring the arrival times 
of the signals on the 
digitizers. Consequently, the 
YlSAR channels were 
synchronized to ±500 ps. 
The experiment was a 
success, and good YISAR 
velocity data were obtained 
for the first time. 
6.45.4 Current Data 
A synopsis of the results 
is given in Table 6-24. The 
Faraday current data In 
Figure 6-52 indicate that the 
load current reached a peak close to 6 MA However, when the difference between 
the FCG and EFF currents was compared to the load current, there had clearl y been an 
event that occurred close to 87.4 /.Is that perturbed the Faraday data. The cause of the 
event is not known, but the shape of the load current after 87 .4 /.I s looks wrong; the 
current should not have suddenly started to increase. The lower load current peak of 
5.26 MA is considered more credible than 6 MA . 
The Faraday data for one of the closing switches (switch # 1) were lost, probably 
because of a fiber break, so the switch perfonnance could only be checked for one 
switch (switch #3). The data show the switch conducted about a third of the total load 
current, so all switches appear to have functioned correctly. 
6.45.5 Voltage data 
The vo ltage data for the FCG were lost a short time after the start of the 
experiment, presumably due to damage by one of the explos ive components or an 
inadvertent contact with the experiment; the remaining data are shown in Figure 6-53 . 
The switch vo ltage data appeared to fall to near zero within 50 ns of clo ure, and then 
ri se again to 8.6 kY. This ri se has since been demonstrated to be due to inductive 
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Figure 6-53. ICE- 12 voltage data. At 85.5 ~s , from top 
to bOllom, the vol tages are across the EFF, the closing 
swi tches, and the load. (The FCG data were losl.) 
coupling between the intense 
magneti c fi e lds in the load 
and FCG, and the vo ltage 
probe, see ICE-I S. There is 
no evidence in the load 
vo ltage data of arcing in the 
load contacts at the top of 
the load section. 
6.45.6 VISA R dala 
The VI SA R data are 
shown in Fig ure 6-54; the 
isentropic ana lys is of these 
data is presented in Chapter 
7. There were four samples, and fi ve VI SA R channe ls. VISA R channels #5 and #6 
measured the ve loc ity from the same sample, and as expected, the agreement was 
excell ent between the two. Note the shock-less ri se o f the velocities . 
6.45.6. 1 Enhancement of VISA R laser refl ections and cl ipping of the data 
In shockwave experiments, when the shock pressure exceeds the tensil e strength 
of the materi al, the optica l signals re fl ected back fro m a free surface toward the 
VISAR detec tors are attenuated on shock aniva l. As the tensil e strength is re lati ve ly 
small, i.e. , a few GPa for virtually a ll materia ls, spall occurs in most shockwave 
experiments. The attenuation on shock arri va l is caused by surface spalling [84] as 
the refl ected shock wave at the surface puts the materi al into tension. The refl ected 
shocks ultimately exceed the tensil e strength of the materi al and the surface is 
damaged. Consequently, fo r shockwave experiments the optica l signa ls are usuall y 
adjusted to their max imum intensity w ithout c lipping the detectors. 
However, it was di scovered in these experiments that the optica l s igna ls refl ected 
from ramp waves actuall y intensified . The author postul ates that, in the case of a 
ramp wave, the materi al is gently compressed just behind the surface , and reli e f waves 
never exceed the tensil e strength; so the materi al never fa il s. The compress ion of the 
materi al closes asperities near the surface and thus increases the optica l refl ecti vity of 
the surface. Consequentl y, it is poss ible fo r the optica l intensity to be increased to the 
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Figure 6-54. ICE- 12 VISAR data showing the surface 
ve lociti es. Channels #5 and #6 observed the same sample. 
The second hump in signal # I corresponds to the arrival of the 
renecti on relief waves from the inside surface; at that point the 
surfaces are Oying apal1 and the EOS experiment is essenti all y 
over. 
discussed late r in the ICE-1 4 section on p. 201. 
6.46 Conclusions from ICE- 12 
point that the detectors are 
saturated and the optica l 
data are c lipped . The 
ragged tops on channels 
#4 and #5 are due to the 
clipping of the raw VISAR 
data . C hannel #2 clipped 
so early that the data cou ld 
not be used. 
Another effect was not 
recognized at the time of 
thi s experiment, it IS 
poss ible that the optica l 
probes were di splaced by 
the magnetic fi eld from 
the load. Thi s will be 
This was a successful experiment. For the first time it had been demonstrated that 
good quality EOS data could be obta ined with the HEPP-ICE method. It was obvious 
that the metro logy of the load section had to be improved. Moreover, the VISAR 
technique had to be improved to prevent clipping of the optica l data. 
This was the third successful experiment in a row where there were no 
breakdowns and good current transfer to the load . By thi s time, it was clea r that the 
H EPP-ICE system was reliab le and ready to perfoml EOS experiments. The 
chall enge was to obtain the highest quality of EOS data . 
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6.47 ICE-1 4 
Due to pure superstiti on on the part of the author, there was no experiment ICE-
13. As will be seen, ICE-1 4 provided excell ent EO S data. 
The detail s of ICE-12 were duplicated as closely as possible for thi s experiment. 
The sample section of the load was again made from OFHC copper. This time the 
load samples were measured by the LANL metrology section ; they had the equipment 
and the experti se necessary to obtain the highest accuracy. The samples were 
measured to an accuracy of 2.5 fJm, which was an order of magnitude improvement 
over that of ICE-12. 
To allow the FCG to deve lop a larger current, small adjustments were made to the 
timing o f the EFF and closing switches; tl,ey were de layed by 700 ns f)·om the times 
ofI CE- 12. 
Tablc 6-25. Detai ls of ICE- 14. 
FCG type 5 x 4 in with polyethy lene insul ati o n. 
EFF type 8-in. di am., cy lindrical , with insulating 
stretcher hardware, chamfered 
explos ive, 25 patterns. With Faraday 
diagnosti c inside. Glue on ends onl y. 
Ex plos ive pockmarked. 
EOS expt. with VISAR diagnosti cs Yes 
Stripline Polyimide insulation with G- I 0 clamps and 
tape. Reduced compress ion. 
Po lyimide ra ised within tOt·age 
inductor. Grooves fo r Faradays by 
switches. Kraft paper fi e ld grading . 
Storage inductor Brass, 25 nH , with non-slip joints. 
Clos ing switches Single stage, with 3 parallel po lyimide p-
100 dri ven switches. All swi tches with 
deeper grooves. 
FCG Crowbar switches None 
2-piece Load Des ign OFH C copper, 1.27-cm wide, two-piece 
des ign, 2.6 nH 
6.47. 1 EFF explosive charge 
There was onl y one explos ive charge le ft fo r use in the EFF, and thi s had been 
previously damaged; it had sma ll pockmarks across its enti re sur face. If there had 
been enough time, another explos ive charge would have been manufactured . 
However, thi s experiment had to be fired before the end of the fi sca l year, which was 
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just one week away; the charge had to be used. So the pockmarks in the surface were 
filled with silicone grease to prevent jet-formation by the Monroe effect [85]. 
Nonetheless, there was rea l concern that the EFF would fail because of the poor 
charge quality . As wi ll be seen, the EFF did not function perfectly, but this was still 
an excell ent experiment. 
6.47.2 Predictive circuit modeling 
Up through ICE- 12 all the experiments were modeled wi th the SCA T95 circuit 
code. As can be seen from comparisons of the predictions and the resu lts, the code 
was limited in its pred ictive accuracy. For ICE-14 and subsequent experiments, a new 
model was developed on the TopSPICE platform, which probed to be more accurate, 
see Chapter 3. 
6.48 Results for ICE-14 
This experiment was the best yet. Exce ll ent VISAR data were obta ined, even 
though the vo ltage ri se across the EFF was signifi cantl y la te (probab ly due to the bad 
explos ive charge). 
Table 6-26. ICE- 14 Rcsults. Summary of designed values and actual va lucs. 
Value Design Actua l Units Comments 
V bank 19.50 19.43 kV 
Current start 15.25 15.57 Il s 
Seed current peak time 72.27 72.6 Il S 90% of V. period to reduce plate 
movement 
Seed current peak 1.89 1.91 MA 
FCG start 72.27 72.60 IlS 
EFF first motion 84.68 84.30 ~I S 
Peak FCG current time 87.0 87.24 Ils 
Peak FCG current 10.3 9.06 MA 18 kV at switch c losure. 
Switch closure 87.58 87.54 Ils 
Peak load current 6.28 5.00 MA Performance esti mated with new 
TopS PI CE code. 
Load 10-90% risetime 510 648 ns 
Initial load dlldt 14 10.0 TAls 
Veffpeak 144 82 kV Late voltage ri se. EFF voltage 
data suggest probe was faulty. 
V load initial 34 39.2 kV 
Comments Designed with new TopSPICE model. Possib le 
breakdown in EFF. Excellent VISAR data . 
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6.48. 1 Faraday current data 
The current data (top of Figure 6-55) show that the ca lculated EFF currents and 
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Figurc 6·55 . ICE- 14 Faraday CUITcnt data. Top figurc: At 
89.0 ~I S from top to bottom thc CUITcnts arc in thc: F G (black) ; 
load (bluc); calculated FCG - load (green); EFF (red). Bottom: 
measured EFF 
cun·ents did not 
match. There was 
probably a breakdown 
in or adjacent to the 
EFF of - 1. 5 MA 111 
magn itude. This may 
have been caused by 
the damaged 
explosive charge, but 
as with all explos ive 
shots, rh i s wi 11 never 
be known because 
everything was 
destroyed. Without 
the breakdown, the 
peak load current may 
have been close to the 
predicted va lue 
(- 6 MA). 
The load closing 
switch data 111 the At 89.0 ~I S from top to bottom the currents arc in : thc ccnter 
switch (#2) ca lcu lated from thc difference betwccn the load 
currcnt and thc othcr two currcnts (blue); Swi tch 3 on the 
outsidc (rcd); Switch # I on thc othcr sidc (black). 
bottom of the fi gure 
show that the switches 
were not as evenly matched as in ICE-IO for example, although apart from that they 
performed well . 
6.48.2 Voltage data 
The voltage data of Figure 6-56 show there was someth ing wrong with the EFF 
data. Unti l - 87.2 IlS the measured EFF signal was near zero whereas the vo ltage 
across the closing switches looked correct. This can be explained by a poor contact 
between the voltage probe leads and the ci rcu it. This poor contact wou ld eventua ll y 
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close when a shock wave or some other event jerked it into place; but this is pure 
conjecture. 
80 
70 
60 
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20 
1 0 I-1M/JoM!~"V"", 
Once aga in, there 
was a finite voltage 
(- 15kV) across the 
FCG immediately 
before the ti me of 
switch closure, and 
- 5 kV after it, and thi s 
would have deprived the 
c ircuit of some current. 
O~~~~~~~~~~~ The closing sw itches, 
just as in ICE- 12, also 
showed a ri se of voltage 
after switch closure. 
-10 
83.5 84 .5 85.5 86.5 87.5 
)Jsec 
This was probably due At 87.75 ~IS , from top to 
(black); load (red); FCG to inductive coupling 
Figure 6-56. ICE- 14 voltage data. 
bottom, they are across the: EFF 
(green); and closing swi tches (blue). 
between the load, FCG 
and the vo ltage probe. The magnetic fie ld associated with the load would li ke ly have 
perturbed the FCG vo ltage data too, but only after current started to fl ow in the load. 
First motion of the EFF was at 84.30 )JS, which was 380 ns earli er than the design 
va lue of 84.68 )J S. However, the vo ltage ri se across the EFF was approximately 
500 ns later than designed, or 380 ns late compared to first motion. This was probably 
caused by the pockmarks on the explosive charge causing asymmetrica l ex pansion of 
the aluminum can; see "EFF tolerances and timing j itter" in Chapter 4 for detai ls of 
the effects of asymmetri c expansion. 
6.48.3 VISA R and EOS dala 
The VISAR surface veloc ity data (F igure 6-57) obta ined in ICE- 14 were of 
excell ent quality. The procedures and ca lcul ations required to derive the EOS data 
fro m the VISAR data are presented in Chapter 7. One representation of the EOS 
ca lcu lat ions derived from the data is shown in Figure 6-58, which is a plot of pressure 
versus particle ve locity fo r OFHC copper LIp to a pressure of - 45 GPa (0.45 Mbar). 
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Figure 6-57. ICE- 14 VISAR surface velocity data for OFHC copper. From left to right the 
sample thicknesses were 179 I, 2005, 2283, and 25 I 7 ~lIl1 . 
The results show the four EOS data plots deri ved from the four VISAR traces of 
ICE- 14 . The results are in such good agreement that they appear as one curve. The 
agreement is with in 0.2% in pressure, which is a very high precision for such an 
experiment. To demonstrate the potenti al accuracy, superimposed on the 
experimen tal data are a theoretica l isentrope (Sesame table 3336) and an isentrope 
ca lcu lated from shock data. Again , these data cannot be di stinguished fro m the ICE-
14 data on this sca le. 
6.49 Conclusions for ICE-14 
This was a very successful experiment. As with ICE- 12, it had been demonstrated 
that good qua lity EOS data cou ld be obtained with the H EPP-ICE method. The 
metrology of the load section had been sign ificantl y improved, as had the VISAR 
synchroni zation. As a result of these improvements, excellent EOS data had been 
obta ined for OFHC copper up to - 45 GPa. The goa l thus became to extend the 
pressure towards 100 GPa by increasi ng the load current. 
Thi s was the fourth successfu l experiment in a row where there were no 
breakdowns and there was good current transfer to the load. 
200 
/wprel' 6 
5.0E+10 
Pa 
4.0E+10 
3.0E+10 
2 .0E+10 
1.0E+10 
O.OE+OO 
// /. 
o 200 
Experimental De\'e/opllleHf CIl1d Peljorll1clI1ce 
, 
/ / 
, 
// - PS 
-' - P21 
" ",J' / 
- P12 
,/' 
-'"' - P45 /' P54 ----3336 
rnls 
400 600 800 1000 
Figure 6-58. The fo ur pressure (pa) versus particle veloci ty (m/s) plots for OFHC copper 
obtained in ICE- 14: 1'2 1; 1'1 2; 1'45; and 1'54. Superimposed on the results are isentropes 
deri ved from LA -41 69 (Ps), and Sesame table 3336. 
6.49.1 VISA R holder 
There was a small g li tch of the order of 5 to 10 m/s on the VI SA R da ta (not 
shown) , that occlllTed at the exact time of the start of load current. (The standard 
deviati on of noise in the VISA R data was 1.5 m/s.) This glitch could onl y been 
caused by an electromagnetic effect, and not a mechanical pul se, because the 
compression wave ve locity in the copper was - 5 km/s and the thinnest sample was 
1.79 1 mm thick. Consequently, any mechani ca l disturbance would take - 360 ns to 
appear at the free surface after the start of load current fl ow. Onl y an e lectromagneti c 
di sturbance could arri ve that earl y. 
An estimate of the magneti c fi elds on the back face o f the load could be made 
from the calculations " Results of PD E ca lculation" in Chapter 2. For ICE- 14, the 
peak current was 5 MA, and the inner surface eparation, from the VISA R data, was 
2 mm at the time of peak current. The magneti c pressures from the PD E ca lculation 
are shown in Figure 6 -59. These ca lculati ons were done fo r a smooth back face, and it 
is li kely that any projections from that face, such as the brass-bodied VI SA R probes, 
would enhance the pressures above those ca lcul ated here. However, ignoring any 
possib le enhancement, the pressure in the middle of the smooth back face would be 
240 MPa (2.4 kbar). Such a pressure would dri ve the brass bod ies o f the VI SA R 
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probes in towards the sample. From the known acoustic impedance of brass [86], the 
initial particle velocity of the brass as it moved inwards would have been be 7.5 ml s, 
which is comparab le to the observed glitch. 
This VISAR probe di splacement is considered to have been the most li kely cause 
of the problem, so it was dec ided to use a non-conducting, non-magnetic probe holder 
for the nex t experiment. 
50.1 
GPa 
3 1-;- ----=-=-=- -, 
2 . 
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2 
240 
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o 2 4 6 
Figure 6-59. Left: the magnetic pressure distribution over the entire load (from Chapter 2) . 
Ri ght : a plo t of the pressure on the back face versus the di stance fro l11 th e cent er of the face. 
Both plots are at the time of peak current. 
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6.S0 ICE- IS 
The experiment was largely a dup li cate of the last experiment, ICE- 14. ICE- 15 
was performed to repeat or improve on the exce llent results of ICE- 14. A higher load 
stress was sought by the combination of improved current transfer, a shorter ri setime 
obta ined with a higher EFF voltage (with a pristine EFF explosive charge) and thicker 
samples . 
Table 6-27. Details of ICE- IS. 
FCG type 5 x 4 in with po lyethylene insulation. 
EFF type 8- in . diam. , cy lindrica l, with insulating 
stretcher hardware, chamfered 
explosive, 25 patterns. With Faraday 
diagnostic inside. Glue on ends on ly. 
EOS ex pt. with VISAR diagnostics Yes - with PMMA VISA R probe holder. 
Stripline Po lyimide insulation with G-I 0 clam ps and 
tape. Reduced compress ion. 
Poly imide ra ised with in storage 
inductor. Grooves for Faradays by 
switches. Kraft paper field grading. 
Storage inductor 25 nH , with non-slip joints made fro m brass 
Closing switches Single stage, with 3 parallel polyimide p-
100 driven switches. All switches with 
deeper grooves. 
FCG Crowbar switches None 
2-piece Load Design OFHC copper, 1.27-cm wide, two-piece 
design, 2.6 nH. Faraday in tip. 
6.50.1 PMMA VISAR holder 
For this experiment, the VI SA R holder was manufactured from PMMA (Plexig las 
or Perspex) instead of a metal. This prevented magnetic forces acting on the holder. 
6.50.2 Short-circllited voltage probe 
An add itiona l short-circuited voltage probe was placed a longside the other voltage 
probes to measure the coupling between the magneti c fie ld in the load and the vo ltage 
probes. 
6.50.3 Faraday in load tip 
To ensure that the load section was not break ing down electrica ll y, a tiny Faraday 
probe was inserted in the load tip. A comparison of the data from this probe and the 
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load current Faraday, inserted below III the transmission line, would show any 
breakdown if it existed. 
6.5 1 Results fro m ICE-I S 
As before, the preparation for the experiment went perfectly, and the 120-kV high 
vo ltage breakdown test worked on the first try. 
From the standpoint of CUlTent transfer to the load, thi s was the best experiment 
yet, but the V ISAR data were clipped and unusable fo r the purposes of obtaining EOS 
data. 
Table 6-28. ICE- 15 Results. Summary of designed va lues and actual val ues . 
Value Design Actual Units Comments 
V bank 19.50 19.66 kV 
C urrent start 15.25 15. 13 fl S 
Seed cu rrent peak time 72.27 72. 15 fl S 90% of Y. peri od to reduce plate 
movement 
Seed current peak 1.89 1.96 MA 
FCG start 72.27 72.29 fl S 
EFF first motion 84.68 84.32 fl S 
Peak FCG current time 87.0 86.86 fl S 
Peak FCG curren t 10.3 9.9 MA 
Switch closure 87.58 87.45 ps 
Peak load current 6.28 5.39 MA SP ICE model. 
Load 10-90% lisetime 5 10 660 ns 
Initial load dl/dt 14 10.3 TAls 
Veff peak 120 124.8 kV 
V pickup 22 kV Short circu ited vo ltage probe 
showed 15 kV pickup at start of 
load current 
V load initia l 34 42 kV Peak 52.6 kV 
Comments VISAR data c lipped and unusable. 
6.51 .1 Faraday current data 
The load curren t attained a peak of 5.39 MA (top of Figure 6-60) but it did not 
merge with the FCG data, wh ich suggests that there was a loss of current (i .e ., a short-
circu it) of - 1.5 MA in the vicini ty of the EFF aga in. ' The quality of the FCG data 
was not as good as usua l, as ev idenced by the disparity with the EFF current before 
• It is possible that the FCG data were compromised after load current start . in wh ich case there was no 
breakdown in the vici ni ty oflhe EFF. 
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Figure 6-60. ICE- IS Faraday data (top) and vo ltage data 
(bottom). Top: At 89 ~l S from top to bottom the currents 
arc in the: FCG (black); load (red); calculated EFF = FCG 
- load (pull>le); and the EFF. Thc data from the probe in 
the tip of the load is the grccn curve that overl apped the 
load data and ended at 87.8 ps. Bottom: At 8 .5 fl , fro m 
top to bottom, the voltages were across the: EFF (black); 
FCG (blue); load (red); pickup probe (purple) ; and closing 
switches (green). The pickup data arc offset by -30 k V 
for visibil ity. 
87.5 liS and the unli kely 
saddle point near 88 ~t S, but 
any errors in the FCG data are 
much small er than the like ly 
short-c ircuit current. 
The probe in the load tip 
shows an exact match of 
currents up to the point when 
the probe was destroyed at 
87.8 liS; so at least until then 
the load circuit had no 
breakdowns. And it probably 
had no breakdowns afier then 
because there was no obvious 
di scontinuity 1I1 th e load 
CUlTent data. Note that in the 
fi gure, before the end of the 
load tip data the ca lcula ted 
and measured EFF currents 
have already diverged. 
The clos ing switch data, 
not shown here, showed aga in 
that the clos ing switches 
worked as des igned. 
6. 51 .2 Voltage data 
The vo ltage data (Figu re 
6-60) show that the short-
ci rcui ted pickup probe 
measured a vo ltage of 
- 15 kV. If the pickup was 
so lely from the current in the load , it would be proporti onal to rate of change o fflux in 
the load, which is identical to the vo ltage across the load. However, the shape o f the 
pickup suggests that ano ther source is also contributing to the signa l. Of a ll the 
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vo ltage data, the pickup most c losely matched the FCG vo ltage in shape; which is 
reasonable because the FCG is an open stru cture, which could readi ly rad iate stray 
magneti c fie lds. 
6.5/.3 V/SAR dala 
The new PMMA VISAR probe holder, being tra nsparent, let so much light in that 
the VISAR photomultipli er detectors were saturated by it. The VISA R data were not 
usable. Presumably, this light came from arcing in the vicinity of the current j o int, 
just below the VISAR holder, Figure 6-61. Thi s had not been anticipa ted because the 
Figure 6-6 \. ICE-I S PMMA VISAR holder. The copper vacuum tubes ex it from the top of 
the holder, and one pair of brass VISAR probes can be seen in the lower right of the PMMA 
holder. Arc light from the current jo int between the copper load and brass transmission line, 
just below the holder, is believed to have saturated the VISA R data. 
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VI SA R laser light is itse lfso intense that stray li ght was not expected to be a problem. 
6.S2 Conclus ions for ICE- IS 
This was the fifth successful expe riment III a row w here there were no 
breakdowns and good current transfer to the load. It would have been a very 
successful experiment, if not for the loss of the VISAR data. In a ll other aspects the 
experiment went we ll . Good current was transferred to the load wi th a reasonable rise 
ti me and the short-c ircui ted voltage probe c learly showed the magnetic pi ckup that 
was expected . 
6.52.1 VISA R holder 
Clearl y, an opaque VISA R holder was required, so the ho lder fo r the nex t 
experiment was made from black Delron (nylon). 
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6.53 ICE- 16 
As with ICE- IS, ICE- 16 experiment was a dupli cate of ICE- 14, this time with an 
opaque De lron (nylon) VISAR holder, Figure 6-62. A higher load stress was sought 
by the combination of improved current transfer, a shorter risetime obtained with a 
higher EFF vo ltage. 
Table 6-29. Detail s of ICE-1 6. 
FCG type 5 x 4 in with polyethylene insulation . 
EFF type 8- in . diam., cylindrical , with insulating stretcher 
hardware, chamfered explosive, 25 pattems. 
With Faraday diagnostic ins ide. Glue on ends 
onl y. 
EOS expt. with VISAR Yes - with Delron VISAR probe holder. 
diagnosti cs 
Stripl ine Po lyimide insul ation with G-I 0 clamps and tape. 
Reduced compress ion. Polyimide raised 
within storage inductor. Grooves for Faradays 
by switches. Kraft paper fi eld grading. 
Storage inductor 25 nH, with non-s lip joints made from brass 
C losing switches Single stage, with 3 parall el polyimide P- I 00 
driven switches. All switches with deeper 
grooves . 
FCG Crowbar witches one 
2-piece Load Des ign OFH C copper, 1.27-cm wide, two-piece design, 
2.6 nH. Faraday in tip . 
In ICE-I S, the short-circuited vo ltage probes had clearly detected pick up from the 
load and the FCG . To reduce thi s pickup the resistor bodies of the voltage probes, 
be ing the regions of the probes with the largest enclosed area and thus the most 
vulnerab le to magnetic coupling, were lowered to below the plane of the transmission 
line. Th is increased the di stance between the res istors and the magnetic sources. 
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Figure 6-62. ICE- 16. Delron V1SAR holder. 
6.54 Results from ICE- 16 
Again, the preparation for the ex periment went perfectly, and the high vo ltage 
testing worked on the first try. 
Table 6-30. ICE-16 Results. Summary of designed va lues and actual val ues. 
Va lue Design Actual Un its Comments 
V bank 19.50 19.49 kV 
Current start IS.2S IS.24 ~s 
Seed current peak time 72.27 72.24 ~ s 90% of V. period to reduce plate 
movement 
Seed c urrent peak 1.89 1.92 MA 
FCG start 72.27 72.24 ,IS 
EFl' first moti on 84.68 84.66 , IS 
Peak FCG current time 87.0 87.02 ,I S 
Peak FCG current 10.3 9.49 MA 
Switch closure 87.S8 87 .44 ~ s 
Peak load current 6.28 S.IO MA TopSPICE model. 
Load 10-90% ri setime SIO 637 ns 
In itia l load d lldt 14 9.0 TNs 
Veffpeak 120 8 1 kV 
V pickup 4 kV Short circuited vo ltage probe 
showed - 6 k V pickup at start of 
load cunent 
V load initi al 34 28 kV Probe may have been damaged 
after load current start . Peak 
- 60 kV > EFF vo ltage. 
Comments VISA R data clipped and unusab le. 
Like ICE-I S, this shot would have been velY successful if the VISA R signals had 
not been contaminated by arc li ght. Thi s time the contaminat ion had been 
sign ificantly attenuated, but not enough to avo id spoiling the VISAR data . 
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Figure 6-63. ICE- I 6. Top: Faraday data. At 88.8 !IS from 
top to bottom the currents arc in the: FCG (black); load 
(red); load tip (blue); calculated EFF = FCG - load 
(indigo); and EFF (green). 
Bottom: Voltage data . At 84 ~I S from top to bottom, the 
voltagcs are across the: FCG (red); EFF (b lack) ; closing 
switches (grecn); and load (b lue). 
Apparently, the Delron, 
which appeared opaque to 
the naked eye, was not 
perfectly opaque and 
allowed some arc light to 
shine through. 
6.54. , Faraday data 
The load current 
reached 5.1 MA with a 
ri setime of 637 ns, but 
agalll it did not merge 
with the FCG data at late 
times. This time the 
quality of the EFF current 
data was not as good as 
usual , and the predicted 
and measured EFF 
currents were significantly 
different long before the 
start of load current, see 
the top of Figure 6-63. 
However, in subsequent 
shots it was apparent that 
the FCG data could a lso 
be in error, and that the 
EFF and load currents 
were con·ect, i.e., there was no current los (breakdown) near the EFF. 
The probe in the load tip matched the main load current data exactly up to the 
point of probe failure at 87.9 !I s. So again, there is no evidence of breakdown in the 
load itse lf. What caused the probe to fai l at that time is not clear. The Faraday fibers 
were protected as we ll as the others, and the others survived much longer. It IS 
presumed that some event within the probe tip led to the early demi se of the probe. 
The clos ing switches worked as designed (the data are not shown). 
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Figure 6-64. Four of the 16 raw ICE- 16 VISAR signa ls showing 
saturation of the photomultiplicrs. All 16 of the raw VISA R 
signals showed large bursts of optica l contami nation between 
10.65 and 10.80 Il S (time scale arbitrary). 
6.54.3 VISA R data 
6.54.2 Voltage data 
The lowering of the 
resistor packages of the 
voltage probes, below 
the transmission line 
plates, successfull y 
reduced the peak pickup 
voltage. The vo ltage 
detected by the short-
c ircuited probe 
measured 6 kV at the 
start of load current, 
compared to IS k V in 
ICE-IS; the data are not 
shown. Thi s voltage 
identica l to voltage 
across closing switches . 
Despite the use of the seemingly "opaque" Delron VISAR holder, optica l 
contamination, probably from arcing at the current joints on the top of the load 
section, swamped the VISAR data causing the photomultipliers to sanll'ate for about 
100 ns, see Figure 6-64. A ll the optical channe ls were so badly contaminated that 
EOS data ana lys is was not performed. 
6.54.4 Imacol1 camera 
In many of these experiments, an Imacon framing camera was used in an attempt 
to detect arcing breakdowns. The prob lem with the camera images was that every 
current joint in the ex periment arced intensely when they were operating correctl y. 
There were usually so many sources of arc li ght that it was impossible to detect the 
causes of fa ilure; you could not see the wood for the trees. Consequently, these data 
have not been presented here. 
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6.55 Conclusions for ICE-16 
The good news was that thi s was the sixth uccessfu l experiment in a row where 
there were no breakdowns and good current transfer to the load. However, the results 
were frustrating and disappointing. It was clear from the VISAR data that good EOS 
data could have been obtained if the data had not been contaminated by arc light. 
Moreover, there had been a persistent loss of load current from experiment to 
experimen t, presumably due to a breakdown in or around the EFF.· The last 
experiment where the FCG and load currents had apparent ly merged was ICE-12. 
C learly, a new lightproof design for the VISA R holde r and the optica l fibers was 
required, and fu rther work on the intemalload current loss was needed. 
The Faraday probe that was in the load tip showed that breakdowns were not 
occurring between the base of the load and the top. Consequently, there was no need 
to repeat thi s measurement. 
• Again , the evidence from subsequent experiments suggested that the FCG data were in error and there 
was 110 loss of current in or near the EFF. 
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6.56 ICE-J7 
Table 6-3 1. Details of ICE- I? 
FCG type 5 x 4 in with polyethylene insul ation. 
EFF type 8- in . diam., cy lindrica l, with insulating stretcher 
hardware, chamfered explosive, 25 pattems. 
With Faraday diagnostic inside. G lue on ends 
only. 
EOS expt. with VISAR Yes - with new metallic VISAR probe holder. 
diagnostics 
Stripline Polyimide insulation with G-l 0 c lamps and tape. 
Reduced compress ion. Polyimide raised 
within storage inductor. Grooves fo r Faradays 
by switches. Kraft paper field grading. 
Storage inductor 25 nH, with non-s lip joints made from brass 
Clos ing switches Single stage, with 3 parallel polyimide P- I 00 
driven switches. All switches with deeper 
grooves. 
FCG Crowbar switches None 
2-p iece Load Des ign OFHC copper, and Tungsten. I O-mm diameter 
samples in 12.7-mm wide housing. Split 
halves. 
6.56.1 New load, sample and VISA R assembly 
A goal of the HEPP-I CE program was to obtain EOS data for va rious metallic and 
insulating ma teri a ls. Moreover, a new sample housing was required to prov ide a 
better vacuum system, to exclude li ght and to prevent electromagneti c interactions 
with the VISAR probes. Consequently, a new load assembly was des igned; see 
Figure 6-65. 
To address the difficulty of measuring the sample thicknesses accurately, the load 
was spl it into two halves and connected by a current joint at the very top . Of course, 
thi s introduced a new current joint, and thus an increased the potential for : arcing; 
extraneous li ght production; and loss of energy by di ssipation in the arc. The load 
body was machined from so lid OFHC copper and had an interior cavity to house the 
samples, see Figure 6-65. The copper, located on either side of the top current joint, 
was made to be suffi ciently thi ck that relief waves could not alTive before the VI SA R-
data collecti on pe riod of the experiment was completed. 
In add iti on to the mod ifications for the VISAR system and samples, a keyed 
current joint was designed to faci litate assembly and to reduce joint movement and 
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Figure 6-65. ICE-17. Load and VI SA R assembly showing the new split load, the VISAR 
holder, and the keyed current joint. The open copper pipes at the top were connected to the 
vacuum system. 
arcing, Figure 6-65. The key reduced latera l movement, but the height of the center 
key in the lower brass section was slightl y shorter than the cavity in the underside of 
the copper load section. In thi s way, electrical currents were forced to the inside and 
outside surfaces. 
Simple ca lcul ati ons had shown that the di ffus ion depth th rough the copper was 
less than I mm in the time sca le of the experiment. To confirm this, one sample was 
the I-mm th ick copper floor of the sample holder. This floor was obselved with one 
of the VI SAR channels. For thi s and subsequent experiments, no Faraday probe was 
inserted into the load tip. 
6.57 Results for ICE-17 
Again , the preparation for the ex periment went perfectly, and the high voltage test 
showed no signs of breakdown at 120 k V .. 
The new sample holder proved to be a successful design. It was easy to use, the 
vacuum system worked we ll , and the samples could readily be measured to an 
accuracy of I ,tm in thickness. 
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Table 6-32. ICE- I 7 Results. Summary of designed val ues and actua l va lues. 
Va lue Design Actual Units Comments 
V bank 19.50 19.5 kV 
C urrent start 15.25 15.05 ).l s 
Seed curren t peak time 72.27 72.3 1 flS 90% of Y. period to reduce plate 
movemen t 
Seed current peak 1.89 1.90 MA 
FCG start 72.27 72.3 I fl S 
EFF first motion 84.68 84.25 ).l s 
Peak FCG current time 87.0 86.98 flS 
Peak FCG current 10.3 9.8 MA 
Switch closure 87 .58 87.38 ).lS 
Peak load current 6.28 4.38 MA TopSPICE model. 
Load 10-90% ri seti me 5 10 780 ns 
Initi a l load dUdt 14 9.6 TA/s 
Veffpeak 120 98.36 kV 
V pickup 0.60 kV Pickup reduced by better 
placement of probes 
V load initial 34 40 kV 
Comments VISAR data show photomultiplier saturation effects 
Unfortunately, just as for ICE-12 the VISAR laser light intensity was increased on 
the breakout of the acoustic surface waves and the data were marred by distortions at 
va ri ous times, but fortunate ly they were sti ll usable . Care had been taken to avoid 
li ght saturation, and it is not clear why it happened. Three of the four channels were 
affected, which meant that the highest qua lity EOS data could not be obtained. 
6.57. J Faraday current data 
The peak current of 4.38 MA was significantly lower that obta in ed in previoll s 
experi ments (>5 MA), and thi s was possibly due to the additional current joint that 
was introduced at the top of the load secti on. Once aga in, the FCG and load currents 
did not merge. 
The calculated and measured EFF CUITents diverged signifi cantly. Inspection of 
the data in Figure 6-66 suggested that the FCG data were compromised after - 87.6 ).l S; 
note the glitch at that time. The load current data looked correct, and the EFF current 
data closely matched the data predicted by the TopSPICE code. Note that the EFF 
data did not fall to zero as they had in shots like ICE-14. This was likely due to better 
placement and protection of the EFF probe that had been deve loped in the 
experiments. Consequentl y, the load and EFF data were added together, to obta in the 
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likely FCG current; these are 
shown in the figure. The 
current data (not shown) in 
the indi vidual c losing 
switches proved that they 
functioned perfectly. 
6.57.2 Voltage data 
In this experiment the 
voltage probes were lowered 
even further from the load and 
FCG than for the last 
ex periment. Consequentl y, 
Figure 6-66. ICE-1 7 Faraday current data. At 88.5 ~ s , 
from top to bottom, the currents were: FCG (b lue) ; 
calculated FCG EFF + load (green); load (red) ; 
ca lcu lated EFF = FCG - load (indigo); and EFF 
(purple). the pickup voltage measured 
with the short-circuited probe 
was relati ve ly sma ll (- 500 V). The closing switch vo ltage fe ll to - 500 V on switch 
closure, which was indistinguishable from zero due to the pickup . Switch closure was 
at 87.38 Il s in Figure 6-67. 
80 
60 
84.0 85.0 86.0 87.0 
usec 
88.0 
The FCG vo ltage did not 
stay near zero, which it would if 
its internal crowbar had 
functioned correctly, but rose to 
- 12 kV at switch closure, 
thereby reducing the curren t 
avai lab le to drive current into 
the load. 
6.57.3 VISA R dala 
The free surface ve loc ity 
data, derived from the VISAR 
Figure 6-67. ICE- 17 voitage data. At 88 ~s the voitages data, show the contamination o f 
were across the: EFF (b lack) ; load (red); FCG (green); the s ignal s by photomultipli er 
and closing switches (blue). 
saturati on effects. Fortunately, 
these effects mostl y occurred after the arriva l o f the acousti c re li ef waves in the 
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experiment, indicated by the arrows in Figure 6-68, so the data could still be analyzed; 
this allowed the quality of the experiment to be assessed.' The data were not good 
enough to derive acc urate EOS data, bUI Ihe results in Chapter 7 do agree with the 
calculated isentrope and produce a yie ld strength that is con istenl with published 
data. There was no obvious light breakthrough or other effects that may have 
indicated that magnetic diffusion had exceeded the I mm of copper thickness of the 
copper fl oor to the sample holder. 
1000 
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~ 600 
E 400 
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0 
-200 
~ 
E 
.!iI:: 
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IJsec 
Figure 6-68 . ICE- I? surface veloci ty dala. The arrows indicate Ihe arriva l of relief waves 
re nected from Ihe inside surface, Ihen back 10 Ihe free surface. 
• ec Chapter ? for the EOS data analyses. 
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6.58 Conclusions for ICE- 17 
This was now the seventh successful experiment, but the good quality EOS data 
remained elus ive. However, the apparent loss of load current in prev ious experiments 
may not have been due to breakdown in or around the EFF; it could have been due to 
e'Tors in the measured FCG current. 
The new li ghtproof des ign for the VISAR ho lder, the optical fibers, and the split 
load had worked well. There may have been arcing issues with the new split- load, 
which remained to be verifi ed. The increase in VISAR laser li ght intensity was 
unfortunate, but steady progress was being made towards re liab le EOS experiments. 
In future experiments, these VISAR problems wou ld be addressed by reduction of the 
laser intensity and duplication of digitizer instrumentation at different sensi ti vities 
(i. e., bracketing) to avo id c lipping of the data . 
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6.59 ICE- 18 
6.59. 1 System/ailllre 
This was to have been a repeat of ICE- 17 with further attenuation of the laser light 
for VI SAR system and additional di g iti zers to increase the dynamic range of the 
detecti on system. As w ith lCE- 17 and its predecessors, the assembl y and hi gh vo ltage 
breakdown testing went fl awless ly up to the max imum of 120 kV. 
ICE-I S failed because four parall el de tonators fa iled ; which were used to fi re the 
detonator-actuated closing switches between the capacitor bank and the experiment. 
A capac itor discharge unit (CDU), marked Mod D, was routinely used to energize 
these detonator c los ing swi tches. All fo ur switches fa il ed to close on experiment ICE-
18, thus no e lectrica l energy was transferred to the H Err system; the experiment was 
a fa il ure. Unfo rtu nate ly, all other ex plos ive components detonated correctl y, so the 
assembly was destroyed. 
The reason for the failure may never be known. The most likely cause of fa ilure 
was found to be electri ca l breakdown, eith er in a Reynolds type 3 1 barre l connector or 
in a detonator cable. 
6.59.2 D,y RlIn 
As with all such complex, expensive, and important experiments, the complete 
system had been tested in a dry run the day before the actua l experiment. A dry run is 
a mock experiment in which all the system components are tested without detonating 
the experiment. The capacitor bank is charged to the required vo ltage to check for 
breakdowns. All the instrumentation inc luding the VI SAR system is exercised, as it 
would be for the experiment. Dummy and li ve detonators are fired to ensure that the 
CDU system is working and the timing of the detonator operation is checked. In other 
words, every component in the system that can be tested non-destructi ve ly is tested. 
Unfortunately, the errant CDU had worked perfect ly in the dry run. 
The dry run and other preparations fo r the experiment had gone fl awless ly. All 
documented procedures were followed to the letter, and every component of the 
system was checked and double-checked. In parti cul ar, all the CD Us were fi red 
before the experiment, and the errant C DU-D was fired immediate ly a fter the 
experiment; in each case, it worked normally. There were no wiring errors and no 
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Figure 6-69. Timing and Firing Control System at Point 88, see the text for a description. 
apparent causes of the fa ilure that could be fo und. one of the firing team, in over 
100 years of co ll ecti ve experi ence in firing HEPP experiments, had seen thi s before. 
6.59.3 System description 
The firing system and the fault are described In detail below, and 
recommendati ons are made to minimize the probab ility of such failures in the future. 
A Labview software program [87] was used to program a num ber of Lecroy 4222 
delay generators in a IM rack with the required delays for the experiment, Figure 6-
69. At the time of the experiment, the computer system was armed by an operator 
using the Labview software, and then the fi ring operator pressed the fire command 
button on the Maxwell control panel. The 4222 system received the fire command, 
then triggers were sent to all components of the system, e.g., CDUs triggers, 
oscilloscope triggers, camera tri ggers, etc. The Lecroy system inc luded 4208 
timer/coun ters; these recorded the times that the tri ggers were sent out from each 
4222, and the data were saved to a timing fil e (*t im). 
The Lecroy 4222 tr igger outputs were relayed to the CDUs via Antares Fiber-
Optic (F-O) High Speed Transmitters through optica l fi bers. One connector on each 
CDU load-ring (i.e., the outp ut connector ring) was cOlUlected to a F-O confirmati on 
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transmi tter. As each CDU fired correctly, these fiber optic (F-O) links re layed 
confirmation pulses back to a " Unit Fiber Optic Timi ng Receiver;" their arri va l times 
were saved to the same timing fil e as were the 4208 data by the Labview software. 
6. 59.4 Closing switch operation 
The capacitor closing switches comprised two lengths of aluminum ang le 
separated by polyethylene insulation. On the outside of one of the aluminum angles, 
two type SE- I pigtail detonators were attached to a copper connector. When the 
detonators fired, the polyethylene insulation is usually punctured and the electrical 
circui t between the capacitor bank and the ICE experiment is then completed. 
6.59.5 CDU operation be/ore, during, and after the experiment 
All C DU s including CDU-D were tested in the dry run before the experiment as 
follows. Each CDU was connected to the Lecroy trigger system, exact ly as required 
for the experiment, and dummy bridge-wires were connected to their outputs; a 
bridge-wire was used to represent evelY detonator to be fired in the experiment. The 
Lecroy system was programmed for the same trigger times as required for the 
experiment. The CD Us were then charged to the required voltage and, when the 
d igital meters on the firing console showed that the charge voltages had stab ili zed, the 
system was fired by the operator. All bridge-wires fired, and the correct delays were 
observed by the Receiver Unit. 
6.59.6 Experiment 
For the experiment, the same sequence was followed as for the dry run , with the 
exception that rea l detonators and their assoc iated 80-foot long Reynolds type C 
cables were used instead of dummy bridge-wires. These detonators and cables were 
tested for continuity, and then connected to the CDUs. one of the tri gger system 
wiring was touched between the dlY run and the experiment. 
When the experiment was fired, it was immediately clear that something had gone 
wrong. The main explosive system had detonated as normal, but the e lectrica l 
diagnostics on the experiment showed fl at lines, indicating that no e lectrica l power 
had been transfelTed to the experiment. This was consistent with the capacitor bank 
closing switches failing. The Lecroy timer/counter showed a trigger had been sent to 
CDU-D but the fiber optic (F-O) Timing Receiver data indicated that CDU-D had not 
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fired, see Figure 6-70, and a visual examination confirmed that the detonator switches 
had fai led; all the other CD Us had fired correctly. 
L4208 Data 
Crate 1 - Slot 
Chan 6 13 20 CDU 
1 10 . 001 0 . 997 77 . 760 48 . 856 2 4A 
2 10 . 001 11 . 998 0 . 967 0 . 000 248 
3 10 . 001 0 . 998 0 . 999 0 . 000 2 4C 
4 10.001 0 . 998 0 . 967 0 . 000 50A 
5 48 . 260 87 . 558 0 . 969 69 . 686 508 
6 1. 000 0 . 997 0 . 970 70 . 398 50C 
7 69 . 812 67 . 558 0 . 969 0 . 000 MOD C 
8 69 . 089 0 . 998 0 . 970 0 . 000 MOD 0 
Figure 6-70. Lecroy " ICE-1 8 Shot.lim" file showing delays recorded in Ihe Shot. Four 
CDUs were used: 24A, SOB, 50C and Mod D. Mod D was Iriggered by Channel 6-4 <al 
10.00 I fl S) bUI Ihe received signa l showed 0.000 fl S - indi caling a failure . The olher CDUs 
funclioned correctly, showing a delay of - 0.6 fl S belween Irigger and firing, e.g., 24A was 
triggered a148.260 flS and il fired at 48.856 ).Is. 
The evidence suggested that either the CDU-D had not triggered or it had 
delivered too little energy to initiate the detonators or trigger the F-O confimlation 
transmitter circuit. The firing team was obviously surpri sed, very di sappointed , and 
puzz led by thi s. A visual inspection of the CDU and wiring showed nothing wrong, 
so it was decided to test CDU-D again, and then a visual inspection of the switches 
was performed. 
6.59.7 Post Experiment Tests 
CDU-D was tested immediately after the experiment in the same manner as the 
dry run , see Figure 6-71. This time the CDU worked correctly; the bridge-wire fired , 
L4208 Data 
Cra te 1 - Slot 
Chan 6 13 20 CDU 
1 10 . 001 0 . 997 77 . 727 0 . 000 24A 
2 10 . 001 11 . 998 0 . 998 0 . 000 248 
3 10 . 001 0 . 997 0 . 998 0 . 000 24C 
4 10 . 001 0 . 997 0 . 999 0 . 000 50A 
5 48 . 261 87 . 558 1. 000 0 . 000 508 
6 1. 000 0 . 997 1. 001 0 . 000 50C 
7 69 . 813 67 . 559 1 . 000 0 . 000 MOD C 
8 69 . 088 0 . 998 1. 001 10 . 565 MOO 0 
Figure 6-71. Lecroy " ICE-1 8 ModD lest.lim" fil e showing delays recorded aft er Ihe Shot. 
Only CDU Mod D was lesled. It was triggered by Channel 6-4 <al 10.00 I ).Is) and Ihe 
received signal corrcclly arrived al 10.565 ).I s. 
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and the correct delays were observed by the Lecroy 4208 timer/counter and the F-O 
Timing Receiver. 
A few days later C DU-D was tested aga in, in the same way as the dry run , with 
and without the other CDUs. CDU-D fired correct ly 15 times with a mean delay of 
561 ns and a standard dev iation (S D) of 4 ns; thi s j itter was too low to ind icate a 
poten tial COU malfunction. 
6.59.8 Visual post mar/em 
The clos ing switches were examined after the experiment. The four detonators 
appear to ha ve been parti ally energized and had fused, but only one detonator had 
received enough energy to deform the switch insulation. Reynolds type 3 1 M-M 
barre l connectors had been used to connect the 80-foot firin g cables to the cable 
attached to the detonators. On disconnecting one barrel from the end of a 80-foot 
cable, the center pin separated, see Figure 6-72. There were no signs of arci ng or 
blackening. It is not clear whether the connector was damaged before and not during 
the experiment, but it had been protected by a heavy polyethylene pipe and showed no 
Figure 6-72. Pi cture of the damaged cable connector. 
outward signs of damage. 
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6.59.9 Possible causes 
Many possible failures were considered and onl y two seem poss ible, a CDU 
failure or a bad detonator cable connection; the detonator cable connection being the 
most likely cu lpri t. 
6.59.9. 1 Possibility offaul ty detonators 
This was not considered credible, as a ll were continuity tested. If one had been 
faulty , the others would still have fired. In addition, the CD U Receiver showed that 
CDU-D had not triggered. 
6.59.9.2 Poss ibility offaul ty trigger cable connections 
This was also considered unli kely because the system was tested before and after 
the experiment without changing the connections. Moreover, the coaxial cable 
between the 4222 output and the Antares F-O transmitter for CDU-D was inspected 
and electri ca ll y tested; it was perfect. 
6. 59.9.3 Faulty F-O link to F-O Timing Receiver 
A visual inspection showed that the detonators had not been fu lly energized, so 
this was not the cause. 
6.59.9.4 Possibility of fau lty software 
The Lecroy timing system showed that the correct trigger had been sent to CDU-
D, so thi s was eliminated from the enquilY. 
6.59.9.5 Checking that the CDU was charged 
By checking the records it was confi lllled that a ll the CD Us had been charged 
before the experiment had been fired; thi s was not the cause. 
6.59.9.6 Testing the CDU 
Despite repeated testing the CDU-D wo uld not fai l, and the jitte r of the delay 
between triggering and clos ing was too small to indicate a malfunction. Also, when 
CDUs fa il they usually fail in reverse breakdown tests; that had not happened. 
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6.59.9.7 Poss ible faulty coax ial cable (ty pe-Cl or connections 
This is considered the most likely cause. If the insu lator on a cable connection or 
ba'Tel had failed (and we did find evidence that a cable connector was damaged) we 
would not have detected it in the dry run or continuity tests. However, the CDUs 
di scharge a 2500-volt pulse into the detonator cables. If the insulation fai led, we 
wou ld have initiated a di scharge in parall e l with the detonators, and this wou ld divert 
energy from the bridge-wires . Th is wou ld also have prevented the F-O confirmation 
link from detecting an output pulse from the CDU. 
6.60 Summary oflCE-18 
The most likely cause of fa ilure of the experiment was a poorly constructed type 
31 Reynolds cable connection. This would have prevented the detonators from 
igniting promptly, which in turn either delayed or prevented the detonators from 
puncturing the switch insulation. 
6.60.1 Recommendations 
In future major experiments like ICE- IS, the following checks will be added to 
the firing seq uence: 
Repeatedly test a ll CDUs, not just in the d,y IUn (the day before) but immediately 
before the experiment. Watch for j itter in any CDU delay time that wou ld predict 
CDU fai lure. Visually inspect all aspects of the CDU, inside and o ut, look ing for 
frayed cables, ani mal nests, or any other signs of a problem. Use new detonator 
cables throughout and new barrel connectors . Inspect all detonator connectors and 
barrels for s igns of damage, espec iall y the end of the cables attached to pigtail 
detonators. 
Finally, test the detonator cabl es at the fu ll vo ltage by using e ither a 2500-V high 
vo ltage tester, without detonators, or by firing the CD Us into another set of detonators 
before the experiment. (Note, this wi ll not detect or prevent a failure caused by a 
faulty connector on the end of a SE- I pigtail cable.) 
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6.61 ICE-19 
This was the last experiment to be fired , as of October 2006. Again , the assembly 
and high vol tage breakdown testing went flawlessly . As to be expected after the 
fai lure of ICE-18, the complete CDU firing system was thoroughly inspected and 
tested before the experiment. In addition to the complete dry run of the previous day, 
the CDUs were tested again immediately before the experiment. 
Table 6-33 . Details of ICE·1 9. 
FCG type 5 x 4 in with polyethylene insulation. 
EFF type 8-in . diam. , cylindrica l, with insulating stretcher 
hardware, chamfered explosive, 25 patterns. 
With Faraday diagnostic inside. G lue on ends 
only. 
EOS expt. with VISAR Yes - with metal VISAR probe holder 
diagnostics 
Stripline Polyimide insulation with G-I 0 clamps and tape. 
Reduced compression. Polyimide raised 
within storage inductor. Grooves For Faradays 
by switches. Kraft paper fi eld grad ing. 
Storage inductor 25 nH, with non-s lip joints made from brass 
Closing switches Single stage, with 3 parallel polyimide P-I 00 
driven switches. All switches with deeper 
grooves. 
FCG Crowbar switches None 
I-piece Load Des ign Tungsten only. Four ID-mm diameter samples in 
12.7-mm wide housing. One-pieced load. 
6.61 .1 One-piece lood 
It was rea lized that the two-pieced construction of ICE- 17 was no longer 
necessary to Facilitate accurate measu rement of the sample thicknesses. This was 
because the samples could now be removed from the load and measured with 
conventiona l micrometer equipment. This wa imp0l1ant, because a one-p iece 
consh·ucti on would eliminate the current joint at the top of the load, see Figure 6-73 
and Figure 6-74. The top current joint of ICE- 17 had like ly attenuated the load 
current, i.e., by dissipating energy through arcing. ( It later transpired that it was 
difficult to accurately measure the thicknesses of the floors in the sample well s with 
thi s new des ign .) 
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On each side of the load were sample 
cavities and the samples were glued o nto the 
fl oors of the cavities with low viscosity 
epoxy [88] and held in place with small 
copper loca tion rings; the glue bond thi ckness 
for each sample was care fu ll y measured ; it 
was typica ll y <2 /.1111 . The locati on rings 
de layed the arri val of relie f waves in the 
center that orig inated at the edges, Figure 6-
74. The fl oors of the two cavities were I mm 
thi ck copper, i. e ., I mm of coppe r separated 
the samples from the slit. 
Apart from the one-pieced load 
Figure 6-73. One piece load section of construction, thi s was a repeat of ICE-1 7 with 
ICE- 19. furth er atte nuati on o f the laser light fo r 
VISAR system, a notch fi lter to exclude extraneous light (a lthough none was expected 
with the new VISAR holder) and additiona l di g iti zers to increase the dynamic range 
of the detecti on system. The load assembl y is shown in Figure 6-75. 
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Figure 6-74. ICE-1 9, cavity 
noor showing the locations of 
the I O-mm diameter samples. 
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,-
Figure One-piece copper load body with aluminum VISAR probe holders and 
heavy black eOITugated tubing to shi eld the fibers from extraneous I ight. The samples (hidden 
inside) were all tungsten. 
Table 6-34. ICE-19 Results. Summary of designed va lues and actual values. 
Value Desig n Ac tua l Units Comments 
V bank 19.50 19.00 kV 
Current start 15.25 15 .1 8 /l s 
Seed current peak time 72.27 72.27 /l s 90% of Y. period to reduce plate 
movement 
Seed c urrent peak 1.89 1. 89 MA 
FCG start 72.27 72.29 f' s 
EFF first motion 84.68 84.58 f' S 
Peak FCG c urrent time 87.0 87.03 /l s 
Peak FCG current 10.3 7. 1 MA Exceptionally low. The FCG did 
not crowbar itse lf correctly. 
Switch closure 87.56 87.33 /lS 
Peak load current 6.28 4.45 MA S PI CE mode l. 
Load 10-90% risetime 510 726 ns 
Initi a l load dl/dt 14 5.5 TAls 
Veffpeak 120 54.3 kV 
V pickup kV 
V load initi al 34 25 kV 
Comments Good VISA R data were obtained on al 14 channels. 
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6.62 Results of ICE-19 
Aga in , the preparation fo r the experiment and high vo ltage testing went perfectly. 
The new one-pieced sample holder proved to be a successfu l des ign, allowing easy 
assembly. 
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The modifications to the VISAR system were a lso successful, and pristine 
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6.62. 1 Faraday current data 
The FCG only produced 
7. 1 MA, apparently because it 
did not complete a short-
circuit (crowbar) at the end of 
its operati on, so flux was left 
within it, Figure 6-76. 
Consequentl y, the FCG and 
storage inductances were in 
series and shared a lower peak 
current. In future experiments 
it may be beneficial to sta rt 
the EFF and c lose the load 
switches befo re the FCG 
inductance goes to zero, i.e., 
use the FCG as the storage 
inductor, see "FCG crowbar 
and possib le e limination of 
externa l storage inductor" in 
section 6.64.4. Given the low 
FCG current the load current 
was reasonably good. The 
Figurc 6·76. ICE- 19. Top: Faraday current data. At closing switches worked we ll 
88 flS, rrom top to bottom, thc currcnts are in th c: FCG but c losed 230 ns earl y, which 
(blue); load (red); calculated EFF = FCG - load (grecn); 
and EFF (black). is a larger en"or margin than 
Bottom: voltage data. At 87.5 flS , rro l11 top to bottom, thc 
voitagcs arc across thc: EFF (black); load (rcd); FCG expected. 
(green) ; and closing swi tches (blue). 
229 
Chapter 6 
1.B 
1.6 
1.4 
1 .2 
.!!! 1 .0 
E 
.>< 
O.B 
0 .6 
0 .4 
0 .2 
0 .0 
9 .6 10.0 10.4 10.8 
Experimemal Del'e/OjJ111em alld Peliormol1ce 
Relief 
'" 
11 .2 
J-Isec 
11 .6 
Figure 6-77. ICE-1 9 VISA R velocity data on the free surface of four tungsten samples. The 
top arrows indicate the arrival of relief waves. The bottom arrows show the feet that were 
caused by strength effects in the tungsten. 
6.62.2 VO//age dala 
The piekup vo ltage measured with the short-circuited probe was small (- 1500 V) 
and the c losing switch voltage fe ll to - 1500 V also on switch closure; aga lll 
indistinguishab le from zero due to the pickup. 
Once agai n, the FCG vo ltage did not stay near zero but rose to - I I kV at swi tch 
closure, thereby reducing the current ava ilable to dri ve into the load . 
6.62.3 V/SA R dala 
The VISAR data In Figure 6-77 are fou r good records from the surfaces of the 
four tungsten samples . From left to ri ght in the fi gure, the sample thickn esses were 
1.027 mm; 1.968 mm; 2.973 mm; and 3.973 mm. The OF HC copper, studied in 
previous experiments, has a re lat ively low y ield strength of 0.28 G Pa, whereas 
tungsten has a yield strength of the order of 3.2 G Pa. Consequentl y, a t the pressures 
of the ICE experiment, the copper yie ld strength was negligible, but the tungsten 
strength was not. The yield strength of the tungsten accoun ts for the fee t o f the curves 
near a velocity of 100 mls. See Chapter 7 for the ana lyses of these data. 
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6.63 Conclusions from all experiments 
By the conc lusion of the experimental program 111 September 2005 a viable 
experiment for generating EOS data had been developed. With the exception of ICE-
18, where a quirk in the detonator firing system had spoi led the experiment, eight 
experiments in a row had been fired successfully. It had been demonstrated that the 
system was re li ab le and reproducib le. 
6.63. 1 Accomplishments 
In the course of development of the HEPP-ICE system, many significan t problems 
have been recognized and overcome. The origina l Procyon c losing switches were 
found to be unsuitable for H EPP-ICE app lications. A new closing switch, the 
polyimide switch, was designed and successfu lly commiss ioned (see Chapter 5). A 
new cy lindrical EFF was designed and this had functioned well and rei iably. Various 
causes of e lectrical breakdown had been identified and eliminated. Several 
generations of load design had been developed, and most importantly, exce llent EOS 
data had been obtained. 
6.63.2 Possible improvemel11s in current drive to load 
The system, as it stood by the conclusion of ICE- 19, cou ld reliably transfer 
>5 MA into the load with a ri setime of 600 to 700 ns. Detail ed ci rcuit ca lculations 
had shown that 7 to 8 MA was possible with a ri setime of - 500 ns. 
These differences were important. The peak pressure 111 the center of the 
electrodes was SO GPa for a 5 MA current in copper. If the cu rrent were increased to 
8 MA, the peak pressure wou ld be 125 GPa ( 1.25 Mbar) in copper and even higher in 
tungsten. 
In add ition, the longer risetime limits the peak pressure recorded in the samples, 
as described in Chapter 7. When a compression wave is launched from the inside 
surface of the load into the sample, it traverses it at the speed of the compression 
wave; that wave speed is pressure dependent. At pressures approaching 100 GPa in 
copper, the Lagrangian wave ve locity is - 10 km/ so When that wave reaches the back 
free surface, it is reflected such that the pressure at the free surface is a lways zero. 
This negative going pressure refl ection (relief wave) sweeps back into the sample, 
negating the original positive pressure. When that wave arri ves back at the inside 
surface, the e lectrodes are torn apart and the experiment is over. Therefore, to attain a 
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high pressure, the current must ri se fast enough to reach the peak before the rel ief 
wave arn ves. However, if the risetime is too short the advanc ing compress ion wave 
may steepen into a shock wave, th us destroying the isentropic nature of the 
experiment. The optimum rise time depends on the thi ckness of the samples, the wave 
ve loci ty in the samples, and the re lationship between wave ve locity aJld pressure for 
the sample. See Chapter 3 and the method of characteri stics for more detail s. 
What was preventing the ultimate performance was poor current ga in from the 
FCG because of crowbar problems, poor ti ming control o f the EFF, poss ible cUlTent 
loss adjacent to the EFF, and arcing in the storage inductor. 
6.64 Future work 
It was clear that there are many featu res of the HEPP-I CE system to improve, 
should the experimental seri es be started again, and some of these improvements are 
described in this secti on. 
6.64. 1 EFF 
There was an unacceptable j itter in the timing of the EFF of -±200 ns, which was 
traced to loose tolerances of the assembly. The EFF design will have to be improved. 
In addition, changes to the internal insulati on should be made to reduce the possibility 
of breakdown. 
6.64.2 Quality control 
In addi ti on to improving the design of the EFF, the qual ity contro l of the complete 
system needs improvement. One of the most difficult items to contro l is the P- IOO 
plane wave lens for the polyimide closi ng switches. These P-I OOs are typica lly made 
in small batches, and there is considerab le variation in the timing of th em from batch 
to batch. The onl y 10ng-tenTI so lution is to make very large ba tches of them, and 
characteri ze the batches well. In the interim, only small batches are being received, 
and it is necessaty to fire tens of switches fro m a batch to obta in the statistics of the 
timing. As each switch costs up to $10,000 each, thi s is velY expensive. 
6.64.3 Storage indllctor 
The origina l design of the storage inductor was a box construction, which was 
prone to interna l Aashover and arcing at the current joints. To reduce or eliminate 
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these poss ibilities, a semi-cylindrica l storage inductor is proposed that can withstand 
the magneti c forces more effec ti ve ly. 
Perhaps a better solution would be to e liminate the storage inductor completely, 
and let it be part of the flux compressor, see below. 
6.64.4 FCe crowbar and possible elimina/ion o/external s/orage induc/or 
It was clear that the internal crowbar of the FCG did not function reliably, and 
often the output voltage was tens of kilovolts instead of zero, which reduced the peak 
current in the FCG. This was undoubtedly due to the replacement of the ori ginal 
polypropylene insulation with polyethylene . Polypropylene readil y shatters and 
all ows electri ca l conducti on when shocked; po lyethylene does not. 
This problem could be so lved in two ways. The first is to use poly imide closing-
switches as crowbar-switches, instead of the Procyon switches, to fo rce the vo ltage to 
zero and prevent the FCG of draw ing current back from the storage inducto r. The 
second approach is to use the FCG as its own storage inductor. In other words, 
eliminate the storage inductor altogether and fire the EFF and load c losing switches 
before the FCG has e liminated a ll its inductance. In thi s way, a crowbar would be 
unnecessa ly. The di ffic ulty of thi s technique is that it re li es on accurate mode ling of 
the FCG and reproducible behavior. In practice, the FCG has proven to be 
reproducible, but a better model of the FCG is desirable. 
6.64.5 FCe charac/eriza /ion 
The FCG characteri zation experiment should be repeated with several di fferent 
load inductances. The ori ginal characteri zation (Chapter 4) was performed once, i.e., 
with one load inductance, and therefore, the true inductance and rate of change of 
inductance tables are like ly in error. 
6.64.6 O/her improvemen/s 
The error analys is in Chapter 7 shows that the timing accuracy of the VISAR 
system is crucial to obtaining the highes t accuracy EOS data. Consequently, an 
investment in a new 4-G Hz (or better) V1SAR system is necessaly. 
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SEVEN 
HEPP-ICE DATA ANALYSIS TECHNIQUES 
Two data ana lysis techniques have been used on the HEPP-I CE data, both 
Lagrangian: the generali zed and the Backward techniques. The generali zed 
Lagrangian will often be ca ll ed the Lagrangian technique for short in thi s tTeati se, to 
distinguish it from the Backward technique, with the understanding that both 
techniques are Lagrangian . The generali zed Lagrangian is the more conventional 
approach, which is typicall y applied to shock data ; it is also compl etely va lid for 
shock free (isentropic) data, but has been shown to have finite elTors fo r ramp waves 
with high parti cle velocities, see "Advantages of Backward over the generali zed 
Lagrangian technique" in section 7.5. 1. The Backward technique is a relati vely new 
method that was developed spec ifica ll y for ICE data analys is by Hayes [89], and its 
application to HEPP-ICE was reported by this author [90] . As will be seen later, the 
both techniques may onl y be app lied to shock-free data. 
In this chapter, we will distingu ish between stress and pressure because materia ls 
like tungsten have signifi cant strength and the pressure and stress are not equal, see 
"Strength effects" in section 7.4. 
7.1 Generalized Lagrangian analysis 
Two samples, with a difference in thickness of h, are compressed by the same 
magneti c forces (B-forces). Laser ve locimetry techniques are used to measure the 
su rface ve locity profi les, Ujs(I), at the rear surfaces, with or without windows, Figure 
7-1. Typical ly, the VISAR technique [26J is used to measure these velocities, but 
Photon Doppler Velocimeny (PDV) [91 ] may ultimately replace it because of its 
relative simplicity and higher accuracy [92J; the superi ority of thi s technique remains 
to be demonstrated [93]. In conventiona l Lagrangian analysis the particle velocity, as 
opposed to the free surface velocity, is required. 
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Figure 7-1. Left : Common B-forccs (PB) compress samples a and b. Surface velociti es Vft" 
and Vftb arc measured wi th VlSAR on their rear surfaces. R.ight: The two surface velocity 
records Vft,,(t) and Vftb(t) whi ch are used to calculate Cdu). 
Using Lagrangian wave analysis [94], we ca lculate the wave speed cdu) for the 
wave pro fil e s to trave l a distance h at each va lue of lI(t) in time as shown. In 
Lagra ng ian coordinates h and the density (Po) are constant, so the wave ve loc ity is 
simply the di stance h di vided by the di fference in time, LIt, Equati on (7. 1). For every 
point on each waveform, V" and Vb, we measure LIt as shown a nd deri ve the 
corresponding wave ve locities . The re ult is a continuous plot of CL as a function of u. 
(7 . 1 ) 
The particle velocity is commonly taken to be one-half of the free surface 
veloc ity, u" = V~2 and lib = Vi/2. Thi s is inaccurate at velY h igh ve loc ities 
(con·esponding to stresses above 50 GPa) because of wave pertu rbati ons that occur in 
the renection of ramp waves. Corrections can be made to the data, but a better 
approach is to use the Backward technique, see "Advantages of Backward over the 
generali zed Lagrangian technique" in section 7.5 .1. 
Hayes poin ted out [89] that as the ramp waves refl ect and return from the outer 
surface of the sample, they interact with the outgoing ramp waves. In other words, the 
wave characteri stics [44] bend nea r the free surface and consequentl y the true parti cle 
velocity is a lways greater than V//2. This discrepancy increases with velocity, so the 
effect increases as the stress rises up the ramp wave. These pertu rbations are most 
s ignifi cant at higher velocities. For example, according to Hayes tbe true particle 
veloci ty is ind isti nguishab le from V//2 at ve locities less than 500 m/s (- 21 G Pa) in 
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copper, but U/,/2 is of the order of 13% low in copper for a true particle velocity of 
4 kmls (i. e., a t 350 GPa) . 
The differential form of the momentum conservation equation, Equa tion 1.2 in 
Chapter I, may be used to calculate the change in stress, da, con·esponding to each 
small step in particle ve locity, du, ascending or descending a ramp wave, I.e., 
da = 1i1du; the mass fl ow per unit time per unit area is ';1 . In Lagrangian 
coordinates, Ih = POcl. . Thus 
(7.2) 
In addition, from ( 1.4) du = ±,}-da.dv , where v is specific vo lume. Writing P as 
the Eulerian density 
du 
(7.3) 
With these eqnati ons, we can ca lcu late con tinuous EOS re lationsh ips between 
stress, sound speed, pal1icle velocity, and density from zero up to the peak stl"ess. 
7.2 Results for OFHC copper from lCE-14 
The generalized Lagrangian technique is best illustrated by the analysis of 
experiment ICE- 14, which provided the best data on four OFHC copper samples. The 
data for the other EOS experiments wi ll fo llow, but not necessaril y in chrono logica l 
order. Figure 7-2 shows the original free surface ve locity data obtained from the ICE-
14 experiment obta ined with a VISAR sys tem. As with all the experiments reported 
here, the VISA R data were recorded at I ns interval. 
The thicknesses of the four samples and the corresponding VISAR channels are 
shown in Table 7- 1. The partic le ve loc ities were taken to be half the !i·ee surface 
velocities, with the understanding that thi s is an approximation. From these data we 
could ca lculate the Lagrangian wave speeds using the above analys is, i.e., by the 
app li cation of Equations (7.1) and (7 .2). These data were obtained by ascending each 
curve, a point at a time, and compari ng it to its twin . The process is performed up to 
the first knees in the data, e.g., up to around 2 km/s in Figure 7-2. 
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Figure 7-2. Four free-slIIface velocities recorded in experiment ICE- 14. From left to right 
records I, 2, 4 and 5 correspond to samples of th icknesses 179 1, 2005, 2283, and 25 17 Il m. 
Table 7- 1. The four OFHC copper samples in ICE-1 4. 
Sample Pair Thickness, mm V ISAR # 
I Top 1.787 I 
2 Top 2.005 2 
3 Bottom 2.287 4 
4 Bottom 2.5 17 5 
4 Bottom 2 .5 17 6 
A fter the knees, a number of processes converge that complicate the physics, and 
then the above anal ysis no longer applies, as illustrated in Figure 7-3. First, 
refl ecti ons arri ve from the front of the d iffusion layer that has been heated by the 
electri c cUlTents in the meta l. These are fo llowed by refl ections fro m the fi·ee back 
surfaces of the samples and the samples start to fl y apart. So now the VI SAR records 
the summati on of the interna l parti cle ve locities and the translational ve locities of the 
plates; hence the jump in velocity. In addition, the stresses have been reli eved by the 
refl ecti ons and consequently fall rapidly to zero . Then lateral rarefactions arri ve from 
the edges of the samples, which destroy the one-dimensionali ty of the wave stmcturc . 
Consequently, the total process is too complex for Equation (7.2) to apply. 
There were four samples under test inl CE- 14, and as di scussed in Cha pter 2; onl y 
opposing sample pairs could be compared w ith each other. Consequently, record # I 
was compared with #2 and then #2 with # 1. S imilarl y, records #4 and #5 were 
compared. For example, at each point on record # I the particle velocity was noted . 
Then a simple spline fitting routine was applied to record #2 to find the time when that 
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Figure 7-3. Ramp wave and renection paths in the samplc in Lagrangian spacc. Left, x-t 
diagram in the sample; right, the correspondi ng VISAR record. Ramp waves are launched at 
thc bottom Icft corner of the figure into the sample, and tart arriving at the right hand free 
surface at 0.65 J.lS. The ramp waves renect back into thc sample as a rarefact ion fan (RF) and 
subscq uentl y renect from the diffusion layer (OL) and the left hand free surface. RA 
ind icatcs the rarefaction arrival when thesc combined wavc fans arrive back at thc frce 
surface. 
record reached the same velocity. Then the same process would be appli ed to the next 
point on record # I , etc. 
T he who le process was automated uSll1g an algorithm written in the C++ 
computer language as part of the Anchograph software suite [95]. T he results are 
shown in Figure 7-4. To confirm the accuracy of the algorithm, the process was 
repeated by reversing the records and starting agai n. For each point on record #2, the 
velocity was noted, then the spline-fitting technique was app li ed to record # I to find 
the time when that record reached the same velocity. 
Although the data of Figure 7-2 look noise- free, the process of measuring Lit for 
each point along the curves results in rela ti vely noisy velocity plots. However, as seen 
in Figure 7-5, the process of integrating these data in Equation (7.2), to construct a 
continuous stress versus particle velocity isentrope, renders accurate, smooth, and 
reproducible results. 
The apparent noise at stresses below ~ I GPa in the figure is actually due to the 
strength effects in the copper; see "Strength effects" in section 7.4 and Figure 7- 16. 
Copper has an HEL of 492 M Pa, so the wave ve locity is of the order of 5 km/s at low 
stresses. 
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7.3 Isc ntropic EOS from gcneralized Lagrangian analysis 
The measured ctJu) data, which were obtained as described in the last section , 
were used to construct a continuous isentrope using Equation (7.2). The results for 
ICE- 14 are shown in Figure 7-5 and Figure 7-6 for the four VISAR curves : # 1, #2, 
#4, and #5. The standard deviation between the experimental curves was 0.2% in 
stress. ote that these resu lts were derived from the raw data of Figure 7-2 and the 
Lagrang ian wave speeds that were derived from them in the last section . No 
smoothing was performed on the data as shown here. 
7500 
6500 
5500 
4500 
Ps GPa 
3500 +----------.----------,----------,----------.---~ 
o 10 20 30 40 
Figure 7-4. Plot or Lagrangian wave speed cdll) as a function or pressure ror OFH C copper from 
experiment ICE- I 4. The data are compared to an isent rope deri ved rrom Hugoniot data (LA-4 I 69). 
The curve pairs P) 2 and P45 are from compari sons of record 2 with I , I with 2, 5 wi th 5, and 4 with 5. 
To show the resolution of thi s technique, isentropic EOS curves derived from 
Sesame table 3336 for OFHC copper and shock Hugoniot data [96] for pure OFH C 
copper are superimposed on the same plot; Figure 7-6. The Sesame data were reduced 
using the routines described in Appendix H and the Mie-Griineisen equation of state 
with a Griineisen r of 1.99 [97] was used to transform Hugoniot data to an isentrope. 
The agreement between the isentrope derived from the Hugoniot and the experimental 
result is fair, but the accuracy of the deri ved isentrope strongly depends on the 
accuracy 0 f r 
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Figure 7-5. Pressure (mean stress in Pal versus part icle veloci ty (m/s) for ICE-14, OFHC 
copper. Superimposed on the resul ts are isentropes deri ved from Sesame tables 3333 and 
3336, and the isentrope calculated from the Hugoni ot (P,). With the exception of 3333, the 
experimenta l, 3336 Sesame data and Ps are too eloscly clustered to di stinguish between 
them on this sca le. Figure 7-6 shows a magnified view of the di vergence of the data. 
The accuracy of the experimental results main ly depends on the timing errors, 
which include systematic errors that were minimized, as in secti on 7.8.2. However, 
the Sesame data are derived from thermodynamic tab les and considered accurate. The 
good agreement bel\veen the Sesame 3336 data and the HEPP-ICE experimental data 
is gratifying. 
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Figure 7-6. Magnificati on of Figure 7-5 in pressure (Pa) versus part icl e ve loc ity (m/s) for ICE-
14, OFHC copper, P12 and P". Superimposed on the results arc isent ropes deri ved from LA-
4 169 (Ps), and Sesame tables 3333 and 3336. Note the scatter in the data be fore (top) and after 
(bottom) timing adjustments were made. Before adjustments the maxi mum divergence was 
± 1.7%; a ft er adjustment it was ± 0.25%. 
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7.4 Stt-ength effects 
OFHC copper is such a low strength (soft) materi a l, its yield strength is 
- 234 MPa, that its strength is usually neglected in the anal ysis of shock and ICE data . 
For example , the ca lcu lated Lagrangian wave velocities in the HEPP-[CE experiments 
differ by 0. 1 % at 100 GPa, which is currently less than the experimental error, see 
section 7.9. (In the future, as experimental errors are reduced, it will be necessaty to 
cons ider strength in all material s.) Tungsten, on the other hand , is an exceptionally 
stiff material , its yie ld strength is of the order of 3 GPa, and strength must be 
cons idered in the data anal ys is. Consequently, we must now di stinguish between 
pressure and stress. More thorough analyses of stress and pressure may be found in 
- O"x--
[98] and [99]. 
[n general , we have three principal 
stresses acting on a materi al in Cartesian 
space [100]. (Contrary to engineering 
conventions, compress ive stresses are 
expressed as positi ve quantiti es in shock 
wave physics .) From e lasticity theory, A 
and J1 are Lame ' s constants, E is 
Young ' s modulus, and u is Poisson' s 
ratio and 
'= _-=E.::..u_ -,- d E /l...,.-( ) ( ) an J.1 = ( ) I + v I - 2v 2 I + v 
The materi als studied here are isotropic, so the three principal stresses (0:" 0)., 0-,) 
are related to the three principal strains (~,. , Ei;., s,) through Hooke ' s law: 
[
0-.,] 
: : =(s, 
A 
A+2p 
A 
The expressIon applies to a materi al that has not yielded. When the applied 
stresses exceed the materia l' s y ield point, it obeys a different relati on ca ll ed the yie ld 
criteri on. After it has yielded it follows a simi lar re lationship, but o-and s are replaced 
by the derivatives, do-and ds. 
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7.4. 1 Yield slrenglh, HI/goniol elaslic limil (HEL) and Ihe van Mises y ield crilerion 
for one dimensional slress waves 
Defining Y as the yield strength, the most commonl y used yie ld cri terion is of the 
von M ises fo rm: 
P(v) 
plastic 
HEL 
(yield) 
elastic 
For olle-dimensional stress waves 
traveling in the x-direction in an isotropic 
medium, O"y = O"" and the criteri on becomes 
When a materi al yields, it y ields in 
Vo V such a way that the stresses remain on the 
Figure 7-7. T he relationshi p between the 
pressure and measured stress (0:,) for 
uni ax ial strain in an elastic-plasti c material. 
yield surface, and 
Consequently, when a material IS 
compressed anywhere up to its yie ld point, 
that elasti c energy is stored in the materi al until the stress is reli eved and the e lasti c 
energy is recovered. Any additional stresses above the yield stress do not contribute 
elasti c energy; they simply compress the materi al as if it were a strength-less fluid . 
By definition, the shear components do not affect the vo lume, so the change in 
vo lume from Vo up to the HE L is small , and the elasti c curve is steep, see Figure 7-7. 
The tota l vo lume is onl y affected by the mean stress or the "pressure" in e lasti c-plastic 
materi als. 
The pressure p is often ca ll ed the hydrostati c pressure to di stinguish it from the 
stress. We can use our condition of uniax ial strain to see the difference between the 
stress-vo lume loading path and the pressure-volume states assoc iated with that loading 
path . At the yield point, Y = 0", - O"y and 
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(7.4) 
Below the yield po int the stress is related to the pressure and shear stress, T, where 
T = (ux _ 0),)/2 
4 
Ux = P+ - T 3 
Equation (7.4) expresses the di ffe rence between one-dimensional stress and 
pressure. In graphical telms in the stress-volume plane, during loading the materia l 
sits on the yie ld surface which is exactly 2/3 Y above the pressure-vo lume sta tes, P(v), 
see Figure 7-7. The (j,.(v) isentrope is therefore 2/3Yabove P(v) fo r a given von the 
loading path . 
From elasti city theory, on the elas ti c loading curve, (T., = u ,. ( I + 2: ) and at the 
yield point (ca ll ed the Hugoniot e las ti c limit or HEL) we know U
x 
= u ,' + Y . So 
U x = Y(I +~) . But from elast ic ity theOlY, 2p 
ra tio, so at the yie ld point 
( I-V) U X = Y 1_ 2v 
A. 2v 
- = --, where U IS Poisson 's 
p 1- 2v 
(7 .S) 
For example, the HEL of pure tungsten IS 3.60 GPa from publi shed da ta 
[101 , I 02], and pure tungsten has u = 0.280 [103). (The strength o f 2.2 G Pa, published 
by Steinberg and Guinan [104], is also equi va lent to an HEL of 3.6 G Pa). Note that 
the yield stre ngth in uniaxial strain (2.20 G Pa) for pure tungsten is an order of 
magni tude larger than tha t fo r pure OF HC copper, i.e., 234 M Pa. 
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7.5 Backward analysis 
A re lati vely recent and important development in ICE data analysis is the 
" Backward" technique due to Hayes (89). Because the data are isentropic, the waves 
are shock-free and there are no di scontinuities in their profil es. The lack of 
di scontinuiti es makes it poss ible to calculate backwards in space and time, fi'ol11 the 
rear faces of the samples to the inside, i.e., at or near the surfaces that are loaded by 
the magnetic forces. The technique exploits the fact that the stresses at the iIl side 
surfaces are equal. When the Backward hydrodynamic ("hydro") ca lculations are 
perfo rmed with the correct EOS, the stress hi stori es must match at the inside surfaces. 
The process is simple and elegant. First, an estimate of the compress ion isentrope 
is made in polynomial fonn, called the "seed" isentrope, which is often taken from 
previously publi shed Hugoni ot data. ' Hayes used a fo urth order polynomial to fi t the 
Lagrangian wave speed to the pressure, but lower orders may a lso be used [1 05]. 
Provided strength issues are neglig ible, lower order polynomials may also be 
constructed which relate the wave speed to particle velocity. However, strength is an 
issue with parti cle ve locity related isentropes because the isentrope invo lves pressure, 
not stress, i.e., it does not involve strength . Under uniaxial strain conditions and for 
isotropic mate ri als, we must subtrac t 4/3 of the shear stress to obtain the pressure, see 
section 7.4.1. This is readily done in the stress-pressure domain, but it is not 
straightforwa rd to accoun t for strength in the partic le veloc ity domain. 
Having set the polynomial, the Backward hydrodynamic calculations are 
perfo rmed on each sample to obtai n the stresses on the inside surface. These 
calculated stresses are then compared wi th each other on the appropri ate inside 
surfaces, and the degree of agreement is recorded. 
Nex t, each coeffi cient of the polynomial for the EOS is s lightl y adjusted, one at a 
time, using the Amoeba algorithm [ 106] and the Backward ca lculation process is 
repeated for each change, the resulting stresses are compared aga in ; and the 
agreements in the ca lculated stresses are recorded aga in. Depending on the 
improvement to the agreements, or otherwise, further adj ustments are made to the 
polynomial within the algorithm. The process is continuously cycled under the 
control of the Amoeba a lgorithm until the best match of the waveforms is obtained, 
Scc Appendix H. 
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i.e. , the best EOS polynomial is obtained. The application of the Backward technique 
to experimental data is shown in section 7.7. 
7.5. 1 Advantages of Backward over the generalized Lagrangian techniqlle 
One significant advantage of the Backward procedure is that it also provides an 
accurate correction for the perturbat ions as the waves reflect from the downstream 
(outer) surface of the sample. In particular, it accurately ca lculates the internal 
parti cle velocity from the free surface velocity obta ined by the VISAR diagnosti cs. 
To obtain the EOS of the sample the internal particle ve locity, lI , must be known with 
accuracy, Equation (7.2) . For shock experiments thi s is common ly taken to be one-
half of the free surface ve locity, 11 = Vf,!2. However, as Hayes pointed out [89] , the 
characteristi cs [44] bend near the free surface and consequently the true parti cle 
ve locity is always greater than Vf,!2. Thi s di screpancy increases w ith velocity, so the 
effect increases as the stress ri ses up the ramp wave. These pertu rbations are most 
s ignificant at higher velocities. For example, according to Hayes the true particle 
velocity is indi stinguishab le from V/i2 at velocities less than 500 m/s (- 2 1 GPa) in 
copper, but Vf,!2 is of the order of 13% low in copper for a true particle veloc ity of 
4 kmls (i.e., at 350 GPa). There are a lso other effects caused by the interaction of the 
waves at the surface wi th the ramp waves. As the waves in two oppos ing samples (of 
different thi cknesses) refl ect back into the sample from their surfaces, they encounter 
ramp wave of different steepness. Thus, the refl ection conditions a re not perfectl y 
matched at each rear surface, and the perturbations do not cancel each other when 
measuring time differences between the two VISAR signals. 
The Backward technique does not suffer from these errors. The free surface is 
always at the initial density and at zero stress. From the equa tions of motion the 
internal particle ve locity, stress, and density are ca lculated at one di stance step back 
into the sample. The process is repeated at each step backwards in space to the 
loading surface, where the oppos ing samples are subjected to identica l loading 
conditions. T he technique is described in more detail in the nex t section . 
7.6 Phase changes and the Generalized and Backward techniques 
At the time of writing there was no c lea r way to dea l with phase changes 111 
Backward. Many common materials undergo phase changes at modest pressures. For 
example, it was observed in the 1950s that when iron was shocked above 13 GPa, 
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three shock waves developed [107]. The first was an elastic shock of 1.2 G Pa, the 
second at 13 GPa was probably due to a phase transformation , and the third was a 
plastic shock. 
Should a phase change occur in an ICE experiment, the assumption that there are 
no stress di scontinuities, in space or time, is violated. This negates one of the 
premises of the Backward technique. Similar problems are caused for the generalized 
Lagrangian technique because there will be a discontinuity in the wave veloci ty versus 
stress relationship . The phase change wi ll likely occur away from a surface, so its 
precise position and therefore its stress and particle velocity will be unknown. 
The subject of phase transitions in ICE experiments is likely to an acti ve topic of 
research in the future. 
7.7 Backward theory 
The basic method of the Backward technique is described here, but the complete 
theory is explained by Hayes [89]. The Lagrangian frame of reference is used for 
convenience of ca lculation, and thi s was discussed ea rli er in this chapter. The 
Backward technique is based on the Lagrangian equations for the conserva tion of 
mass and momentum [108]. The process starts with the momentum conservation 
equation which is used to ca lcu late backwards from the oute r surface to find the 
stresses at the inside surface (at x = 0). 
auxl_ alii 
-- - - po-
ax , at , 
- momentum (7.6) 
We start at the outside surface (x = x) with the known surface ve loc ity, 11 . This 
first equation is then used to ca lculate the stress gradient in the materia l as a fu nction 
of the known rate of change of particle velocity wi th time. Note that in Lagrangian 
coordinates the density is fixed at the initial va lue, po. From the stress grad ients we 
then calculate the stresses upstream at a position x - dx. 
The material response is dicta ted by the isentrope in the form of the wave speed 
being a function of stress CL = 1(u, ) or of parti cle velocity, CL = 1(11,, ); the choice 
between these two forms is a matter of convenience fo r the analyst, provided strength 
is not an issue, see above. However, one important feature of the choice of isentrope 
is that the definitions of Lagrangian wave speed CL = axial in the material are only 
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interchangeable under cel1a in condi tions, most notab ly in the absence of phase 
changes. Fowles and Williams [109] showed that plane stress waves in solids or 
fluids exhibit two phase velocities ax! and GX! ; one assoc iated with particle velocity 
at " al a 
profile, 11, the other wi th stress, a. These two velocities are di stinct except for 
isentropic simple waves, steady flow, and di scontinuous fronts. In other words, the 
following analys is does not apply when there are phase changes in the material flow . 
From thermodynamic theOIY the definition of the Lagrangian wave speed is simply 
,ap , GP! . cL = - = - ,,-- - Isentrope 
ap, av , (7.7) 
Here, p is the hydrostati c pressure, wh ich is derived from the stTess. Therefore, 
the isentrope defines the relationship between volume and pressure, i.e., v = 1(13, ). 
Hence, the vo lumes, ", upstream can be ca lculated from the newly deri ved stresses 
and the ca lculated wave speeds. 
Finally, the mass conservation equation is used to convert the new vo lumes to 
particle ve loc iti es at the new pos ition (dx upstream). 
all! av! 
- = Po-
ax I al ,.' - mass (7.8) 
7.7. 1 Slrenglh considerations in Backward 
As di scus ed in "Strength effects" in section 7.4, the stress measured in the ICE 
experiment is the sum of the mean stress or hyd rostati c pressure, P, and 4/3 of the 
shear stress, r. To allow for strength in the Backward ca lculations, the wave speed is 
always obtained by CL (P) = cl. (a - 4r 13) . When the HEL has been exceeded, thi s 
becomes Cl. (a - 2Yo 13) , where Yo is the yie ld strength . 
7.7.2 Flow diagrams 01 Backward software 
The overa ll Backward process is diagrammed in Figure 7-8. Two (or more) pairs 
of VISAR records from samples I, 2, etc. are input to the Backward software. An 
initial isentrope is set based on prev ious results, deri va ti ons fro m Hugoniot data, or 
other processes. This isentrope determines the wave speed of an isentropic 
compression wave as a function of stress or particle velocity and thus determines the 
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rate of change of stress vs . density 
(7.7) . Using this isentrope, the 
stresses at the inside surface of the 
samples (at x = 0) are obtained with 
the isentTopic, hyd rodynamic 
Backward ca lcul ations described in 
the next section. The resu lts for each 
sample are then compared. 
A minimizat ion algorithm 
(Amoeba [106]) then adjusts the 
isentrope and the process is repeated. 
Amoeba continues to adjust the 
isentrope, seeking a minimum by 
iteration, unti l the results agree wi thin 
a predeteml ined limit, say I part in 
107, or until too many iterations have 
been performed. If Amoeba 
terminates successfully , then the data 
are stored. 
7.7.3 Bachvard Hydrodynamic Calculation Routines 
The basic processes of the Backward hydrodynami c ("hyd ro") calcul at ions are 
shown in Figure 7-9. The first step is to input the array of measured surface 
veloc ities; in the cases of the H EPP-ICE experi ments these are at a free surface. The 
free surface is a distance x away from the inside surface . The initial conditions at x, 
i.e., particle velocities, stresses and vo lumes, are then ca lculated for thi s rear surface. 
In the cases of HEPP-I CE, the initial stresses are zero and the initial volumes are 
therefore the rec iprocals of the density at zero stress, i.e. , at the vacuum interface. 
From this origina l set of atTays of data the conditions at one increment in di stance 
upstream from the rear face are calculated, i.e ., at x - dx. First, the momentum 
equation (7.6) is used, together with the initial stresses, to deri ve the new stresses. 
The estimated isentrope (7.7) (under the control of Amoeba) is then used to ca lculate 
the wave velocities for each stress, and the volumes are updated accordingly. Then 
the mass equation (7 .8) takes the ori ginal particle velocity and the new vo lume m-rays 
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Original free surface veloci ties vs. time at x 
I Ufs[n-1] I 
o 
I Set initia l conditions sUbroutine : 
I riginal conditions vs. time U[O] T T T T TU[n-1] • • I 
VIOl T T T T TV[n-1] I 
r----1 S[O] 1 1 1 1 IS[n-1] I I 
Get new volumes and stresses at x - dx I 
I I I -I Momentum subroutine I 
I 
ew stresses and volumes vs. time at x - dx I 
S[O] 1 1 1 I I S[n-1] l+- I 
r----1 vIOl 1 1 I I I V[n-1] I r 
Get new ~a rti c l e velocities at x - dx I 
I 
I I I Mass subroutine 
I I I 
e" p rticle velocities vs. time at x - dx I I UIO] I I I I I U[n-1] I I I 
{
New condlitions vs. time at x - dx 
I New cond it i ons~ 
at x-dx 
Figure 7-9. Flow diagram of Backward hydrodynamic calculation softwa re. 
to calcul ate the new parti cle veloc it ies. At thi s point all the conditi ons have been 
updated to those fo r pos ition X - dx. 
The process described in the last paragraph is then repea ted to calculate the 
condit ions at x - 2dx, x - 3d X, and so on, until the position x = 0, i.e_, the inside 
surface, is reached. 
The Backward process is then repeated for the second sample uSll1g the same 
estimated isentrope as for the first sample. If the isentrope correctl y describes the 
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materi al behavior, then the two sets of part ic le velocity date and the two sets of stress 
data match at the inside surface. In practi ce, there is always a finite standard deviation 
between the two calculated data sets. So to optimize the fit of the isent rope to the 
data, the isentrope is adjusted by a prescri bed amount in the Amoeba subroutine until 
the standard deviation has beeIlminimized. 
7.8 Accuracy of VISA R time synchronization a nd Lagrangian wave 
velocities 
The inaccuracy of the VISAR veloc ity measurement can be as sma ll as 0. 1 % with 
ca reful preparation, i.e., if the system is set up wi th the optimum sensitiv ity (veloc ity 
per fri nge) and the eta Ions have been ca librated in situ; otherwise accurac ies of I % are 
poss ible [26]. However, the accuracy of the ICE technique also depends on the 
synchronizati on o f the VISAR signals from any two sample-thi cknesses in the same 
experiment. The synchroni zati on depends on a number of fac tors: how we ll the 
optica l paths of the individual VI SA R channels are matched; the synchronization 
between the oscilloscope channels and their tri ggers; the matching of the ind ividual 
electronic co mponents (the photomu ltiplier tubes and digitize rs); and the lengths of 
the coax ial cables . Idea lly, the combined synchronization should be w ithin SO ps fo r 
opt imum accuracy, but that has yet to be achieved. 
7.8. 1 Errors in timing and thickness 
For the work reported here, the digit izers and electro nics had a time reso lution 
(step length dt) of I ns. All data channels of the VISA R system were synchronized to 
within this reso lution as follows. The laser light transmitted to the experiment was 
gated by a Pockel cell a few microseconds before the start of the experiment. 
Consequently, each VISAR signal had an abrupt step on it with a risetime of 
picoseconds, i.e., s ignifi cantly less than the resolution of the VISA R e lectronics and 
digiti zers. By synchronizing the steps on each channel, vari ations in time de lays were 
minimized, but not eliminated, as will be explained below. 
After the synchronization to the Pockel ce ll steps, there was a poss ible systematic 
error of up to dt = ±y, ns between channels, caused by the oscilloscope reso lution o f 
I ns and the frequency response of the VISA R photomultipliers. These seemingly 
small errors can have a signi fi cant effect on the accuracy of the measured Lagrang ian 
wave speeds. The measurement of wave ve locity is cdu) = h + Llt, and both h 
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(thi ckness) and LIt (time difference) are sources of error. Presentl y, h may be 
measured to a precision of I I1m, which represents an error of 0.1 % for a I-mm thick 
sample and 0 .025% for a 4-mm thick samples. (We had difficulties measuring the 
new, one- piece sample holder of ICE- 19 used to obtain tungsten data . There the 
errors were estimated to be 5 to 10 flm, or up to 1%.) 
For example, for h = I mm and CL = 7 km/s, LIt = 143.86 ns. Consequently, an 
error of ±Y, ns in timing wou ld render an error in CL of up to ±24.3 m/s or ±0.35%. A 
1-l1m thickness error would account for a 0. 1 % error in velocity. However, these 
errors can be detected and minimized, as will be shown next. 
7.8.2 Time error minimization 
It was known that the results suffer from these systematic timing errors, but for 
the resul ts to be consistent, they must a ll li e on the same isentrope. Consequently, the 
data were adj usted with a minimiza ti on algo rithm . This added a fixed time correction 
to each curve in turn , until the standard deviation between the CL vs. stress curves was 
minimized and the data were self-co nsistent; these adj ustmen ts were constrai ned to li e 
between ±'hdt. The process is illustrated in Figure 7-6 where a portion of Figure 7-5 
has been expanded for clarity. Before the timing adjustment, the divergence of the 
data was ± 1.7% at its worst, and the standard deviation (SD) between the curves was 
I %. Adjustments were made to the times of the VISAR signals until the curves 
co incided as closely as poss ible and the SD was minimized. The adjustments ranged 
from -0.3 ns to 0.5 ns and were therefore within the expected timing error of ±Y, ns. 
After the adjustment the peak divergence was 0.25% and the SD was 0.2% overa ll. 
Aga in, for compari son, the isentropes from Sesame tab les #3333 and #3336 and 
LA-4196 data are included. After adjustment for the systematic timing errors, the 
experimental resul ts are in c lose agreement with Sesame table #3336 and LA-4 196 but 
not Sesame #3333. This demonstrates the potential value of the ICE technique in that 
you can di stingui sh between equations of state with considerable reso lution. 
These adjustments for systematic timing errors lack mathematical rigor, and it 
wou ld be better to reduce the time error of the VISA R records direct ly. The state-of-
the-art of VISAR system technology, as of 2006, is a 0.25-ns resolut ion, wh ich will 
result in a four-fo ld improvement in accuracy over what was used here. The LANL 
1-1 EPP- ICE team plan to acq uire a 0.25-ns VISAR system, as fin ances al1d time permi t. 
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In the long term, the PDV technique has the potenti al fo r achieving a 50-ps resolution 
[91 ] and therefore higher accurac ies will resul t. 
7.B.3 Sampling 
One possible way to reduce the elTors would be to use the Pockel cell technique 
repetiti vely, with the digitizers being used in the sampling mode. This mode has the 
abi li ty of s ignificantly improving the time resoluti on by averaging over large numbers 
of measurement . 
7.9 Accuracy of the calculated stress and density for the Backward and 
generalized Lagrangian techniques 
For many app li cations at LANL, the accuracy o f both the ca lculated stress and 
density are of importance. To avoid ambiguity , we rewrite Equations (7.2) and (7 .3) 
with delta (LI) substi tuted fo r d so that uncertainty in some quantity Llx becomes c/Llr. 
Then 
Then taking the sums of the uncertainties, 
c//'; a d/';p c/c, c//';u clh cI/,; / cI/'; /1 
--,.,--,., _ . +- -,.,-+--+- -
/';a /';p CL /';11 h /'; / /'; /1 
(7.9) 
From the di scussions o f time errors, these errors usually dominate the errors in 
both stress and density, but the VI SA R data must be of the highest accuracy. For h = 
I mm and CL = 7 km/s the time error clLI//LI/ may be 0.35% without corrections, the 
error in thickness is typica lly 0.1 %, and the error in VISAR ve locity is as good as 
0. 1 % or as bad as I % . I f we express the time LI/ in terms of hleL then it can be seen 
that the errors inc rease with CL and therefore with stress 
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At 0 Pa and 2.5 TPa (25 Mbar) the ve locity is CL = 4.035 and 34.89 kmls 
respectively. So ignoring thickness and VISAR errors, for h = I mm in tungsten and 
15 ~ 1 
- Copper 
10 - Tun sten 
5 
TPa -
O +---,------r---,---,----i 
0.0 0.5 1.0 1.5 2.0 2.5 
Figure 7-10. Relative timing errors as functions of 
d.1t = 112 ns, the 
cOlTesponding errors in stress 
and density are 0 .2% and 
I. 7% respectively. Note that 
hld.1t has the dimensions of 
ve locity and we sha ll call it 
the time-error velocity, Cerr. 
,e.g., Cerr = I mm 1 500 ps or 
2 Mmls here. For the highest 
pressures, we should use a 
higher Cerr' i. e., use larger 
pressure for copper and tungsten . va lues of h and smaller value 
of d.1t. For h = 10-mm in 
tungsten and d.1t = 0.1 ns, Cerr = 100 Mm/s and the con·esponding error in stress and 
density at 2.5 TPa (25 Mbar) is 0.035%. 
The relationship between the timing en·or and pressure is shown in Figure 7-1 0. 
The errors for both tungsten and copper are sca led to those at zero pressu re, i.e., the 
relative errors are unity a t 0 Pa. At 2.5 TPa (25 Mbar) the error for copper has 
increased by a factor of 18, and for tungsten it has increased by 9. 
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7.10 Experimental Results 
7. 10. I Generalized Lagrangian resllltsji-om ICE- I 2 (coppel) 
ICE-1 2 was the first experiment where the two-pieced copper load was used. 
VISA R signa ls are recorded as sinusoidal wavefonns whose frequency and phase are 
3.5 
3.0 1 
2.5 
~ 2.0 
E 
'" 1 5 
1 0 
0.5 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
~sec 
Figure 7- 11. The fi ve VISAR velocit y signals 
obtai ned in ICE-12. Only signa ls #1 and #6 were 
usable. 
proporti ona l to ve loc ity. Several of 
the VISAR channel sinuso ids (#2, 
#3, and #5) were clipped, as 
described in Chapter 6, so these 
sinuso ids became di storted square 
waves, and they could not be 
accurately h·anslated into veloc ity 
where they were clipped. On ly the 
data from VISAR channels # 1 and 
#6 were amenab le to ana lysis, see 
Figure 7- 11 . 
The results of the Lagrangian 
analysis are shown Figure 7-1 2. These results were troubling because they did not 
overl ay the estimated isentrope from the copper H ugon iot, or Sesame data. I t was 
found that the experimental data wou ld on ly match the estimated isentrope if the 
sample thicknesses were in error by over 50 ilm or there was a time error in excess of 
500 ns (both of which were unlikely errors). 
Table 7-2. The four OFHC copper samples in ICE-1 2. 
Sample Pa ir Thickness, VISAR 
mm data 
I Top 2.007 # 1- OK 
2 Top 2.573 #2- Cli pped 
3 Bottom 1. 867 #4- Clipped 
4 Bottom 2.31 1 #5- Clipped 
4 Bottom 2.311 #6- OK 
It is now unde rstood that records # I and #6 were not fro m a matched pair of 
samples, i.e., because they were not on opposing faces of the slit. (Thi s was not 
understood before ICE- 14 was ana lyzed.) Because of the mismatch, the sam ples were 
not subjected to the same magneti c fie lds, so the Lagrangian data analys is was invalid . 
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7.10.2 Backward results/or ICE-
12 
As di scussed 111 Lagrangian 
analysis of the ICE- 12 data on p.7· 
255, onl y the data from samples # I 
and #6 were amenable to ana lysis, 
yet these were not a matched pair. 
800 This is ev ident in the results from 
Figure 7- 12. ICE-1 2, copper. Experimental the Backward ca lcul ation showing 
isent ropie pressure Px vs. parti cle ve locity compared 
to the iscnl rope Ps estimated from the I-Iugoniol. the calcul ated pressures at x = 0, in 
Figu re 7-1 3. The ca lculations were 
perfo rmed uSlllg the calculated isentrope (97), so no experimenta l isentrope was 
obtained. The mean dev iation between the curves ( in the period -400 ns to 150 ns) 
was 859 MPa, which is an order of magni tude larger than the dev iations obtained in 
70 
pi 60 
50 GPa 
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the ana lys is of ICE-14 (i.e. , 
90 MPa) shown below. 
7.11 Generalized Lagrangian 
results from ICE-17 
(copper and tungsten) 
In this experiment, the VI SA R 
data were partiall y spoiled by laser 
li ght saturation of the 
photomultipliers, espec ia ll y at the 
fee t of the records of the thi cker 
Figure 7- 13. ICE- 12 Backward res ults for stress vs. copper and tungsten samples. 
time at x = o. However, shock-free data were 
obtained for both the copper and 
tungsten pairs that could be analyzed to deri ve isentropic equations o f state. 
7.12 ICE-17 copper data 
The surface velociti es obtained fro m the copper samples are shown in Figure 7-
14. Fortunately, much of the noise from the photomultiplier saturati on occurred 
before the start of the second signa l, so the EOS could be eva luated over the complete 
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range of stresses, from zero 
upwards. However, as wi ll be 
seen, the results fro m the earl y 
portions of the record are of poor 
quality. 
The useful data were limited 
S1 \ Noise time, iJs -° l~~~~~~~~~~~~~ to - 25 GPa, 
was on ly 
because sample # I 
9.8 10.0 10.2 10.4 10.8 11.0 11.2 
I mm thick" 
Figure 7- 14. VISA R data (slll·face veloci ti es) 
measured on the copper samples in ICE- 17. s, and s, 
are the points where the Lagrangian analysis was 
started, and e I and e2 are the corresponding end 
points. The posi tion e, is where a rarefaction returned 
to the baek face and accelerated it. (The first eurve 
peaked at 4.72 km/s and was artificially clipped at 
- 1.2 km/s in the figure for clarity.) 
Consequently, relief waves 
returned to its free surface within 
420 ns, and the data ana lysis had 
to be completed at the surface 
ve locity correspondi ng to e, III 
Top 
Cu, eu, 
1.01 
the fi gure, i.e., < II 00 m/ so 
On each side of the load, Figure 7- 15, the samples 
were held in place wi th small copper location rings 
inside the sample cavi ti es, and then they were glued 
against the cavity floors with low viscosity epoxy 
[88]. t The thi ckness of the glue bond for each sample 
was measured by measuring the di stance between the 
tops of the samples fro m the tops of the sample cavity, 
wit h and without epoxy. The bond-thicknesses 
obtained were always comparable with the precision 
mm of the measurement (- 2 )lm) and could not be 
accurately determined; it is assumed they were less 
than - 2 )lm thick. 
Figure 7- 15. ross-section of 
the ICE- 17 load showing the 
locati on of the two tungsten 
samples and the onc copper 
sample within the cavi ties of 
the two-pieced copper body . 
The sample holder was made fro m OFHC copper, 
and the flo or of the sample cavity was 1.0 I mm thick. 
Consequent ly, in this experiment one "sample" was 
the cavity floor itself, i.e. , the 1.01-mm fl oor labe led 
• This was done to determine whether magnetic nux wou ld diffuse through the I -mill layer of copper; it 
did not. 
t See Chapter 6 fo r more details of the assembly. 
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C UI in the figure. With hindsight, thi s was a mistake because the two copper samples 
were not exactly matched in terms of temper, and therefore yie ld strength, and there 
was a glue bond onj ust one o f the samples. 
7. 12.1 ICE- I 7 Lagrangian copper resulls 
The measured Lagrangian wave speed versus stress is shown for the two copper 
samples in the bottom of Figure 7- 16. The isentrope deri ved from Hugoniot data 
[96,97] is al 0 hown; this has been modified to show the effects of strength in copper, 
wh ich should have an H EL of 
20 . pi 
GPa 
15 
10 
5 
Px 
Ps 
o -
Upm/s-
~----.------.------r_~--.-------r 
492 M Pa. It appears that the 
structure at low stresses is due 
to strength effects, but the 
effects of the V[SAR nOise on 
the data quality at the feet of the 
records are plainly ev ident. 
At higher stresses, the 
0 100 200 300 400 500 experimenta l velocity curve li es 
5500 
5250 eel 
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Figure 7- 16. ICE-I7, copper. Top: the experimental and 
calcul ated plots of isentrop ic pressure versus particle 
veloc ity. Bottom: the experimental Lagrangian wave 
speed, and calcul ated isentrope versus applied stress. 
significantl y above the 
calculated isentrope, by up to 
2%. Compare thi s to ICE- 14, 
where the data li e on top of the 
calculated isentrope, see Figure 
7-4. The reason for thi s 
inaccuracy is not c lear, but it is 
be li eved to be associated with 
the glue bond and the possible 
mismatch of copper samples. 
To compare the VISAR s ignal s 
from a common drive source 
they had to be compared at the ins ide sli t surface (unlike the tungsten samples 
described below). The thicker sample therefore comprised the 1.0 I-mm copper fl oor, 
the g lue bond, and the 2.88-mm copper sample. In contrast, the 1.0 I-mm thick 
sample had no interface; it was one so lid piece of copper. In addition, the two copper 
samples were not matched in temper, so there strengths were likely to ha ve been 
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differe nt. Consequentl y, the samples were not perfectly matched, and these are 
considered the likely causes of the poorer results shown here. 
The pressure versus the particle veloc ity data at the top o f the fi gure appear to be a 
better match to the data, mainly because the integration of the pressure up the curve 
smoothes the data. 
7. 12.2 Bach vard results for copper, ICE-I 7 
In ICE- 17, a new sample holder was used that allowed different ample material s 
to be studied simultaneously, in thi s case copper and tungsten. Thi s was the first 
HEPP-ICE experiment from which usable VISAR data for tungsten were obtained . 
!e 
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E 2.0 
-'" 
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The VI SAR data are shown in Figure 7- 17. 
Apart from the no ise caused by 
saturati on o f the photomultipli ers, there are 
obvious precursors at the foo t of each 
tungsten trace, corresponding to the 
Hugoniot elastic limit (HEL). When the 
~sec material was first compressed, it behaved 
700~~--~~--~~--~-~ 
600 
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E 300 
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100 Strength 0t=~~:::::::::=~~=:J1 
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Figure 7-1 7. ICE-1 7 VISAR traces r.·om the 
copper (top) and tungsten samples. The 
strength effects in I1l11gsten arc shown by the 
discontinuit ics al the arrows. 
as an elastic solid up to the point where its 
yie ld strength, Yo, was exceeded; a fter that, 
the materia l behaved as a flui d. As 
tungsten has a re lati vely high yie ld 
strength, the elasti c precursor was 
pronounced. The ICE- 17 tungsten results 
are consistent with a y ield strength of 
2.4 GPa, i.e., an HEL of 3.9 GPa, which is 
in fair agreement with the generali zed 
Lagrangian results in Table 7-6 and Asay's HEL of3 .60 GPa [101 ]. 
The stress data calculated with the Backward technique, shown in Figure 7-22, 
show the HEL at near 4 G Pa. Copper, by compari son, has a published yield strength 
of only 234 MPa and a corresponding HEL of492 MPa. Consequentl y, the precursors 
were di ffi cult to reso lve from the copper VISAR data, e.g ., ICE- 14. 
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Figu re 7- 18. Backward calcul ations for ICE- 17 copper samples. Top: Stresses and partic le 
velociti es at x = 0 derived from AI" in Table 7-3 , SO - 213 MPa. Bottom : Stresses and parti c le 
veloci ti es obtained by Backward optimization, SO - 64 MPa. 
7.13 ICE-17 copper isentrope 
The results of the Backward calculat ions before an after polynomial optimization 
are shown in Figure 7-1 8 and in Table 7-3. 
Table 7-3. ICE-1 7 po lynomial fit s for copper. AI" is the fit derived from th e isentrope; A, is 
the isent rope obtai ned after Backward optimization . 
3939.7 1 3935.587 
8.34268x 10 8 5.825899 x 10 8 
A ils = -7.67642 x 10 19 A = , 2.72 1048 x 10 18 
9.93553 x 10 30 -1.099176 x 10 28 
-6 .1498 1 x I 0-41 -2 .732985 x I0-4O 
Usi ng the isentrope derived from the Hugoniot, A h", in the table, the standard 
deviation stresses ca lcu lated at x = 0 was 2 13 MPa between 216 and 620 ns. 
Simi larl y, after optimization the standard dev iation was 64 MPa. It is clearly hard to 
dissern the differences between the two result s fi·om the figure ; they look equall y 
good. 
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7.1 4 ICE-17 tu ngs ten data 
The free surface ve locity data derived from the V ISAR data, like the copper 
signa ls, showed the contamination of 
700 t 
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500 m/s 
400 
300 
200 
100 
°r-- ...... "",NI" 
Noise 
time, ~s-
the signals by photomultiplier 
saturation effects (marked "noise" in 
Figure 7- 19). The second signal in 
particular was badly affected by the 
noise at the foot , so the Lagrangian 
analysis could onl y be started at 
-100 
10.2 
- """10""'.8--'11:0 11.20;--;,';-,.74 --0" .6 surface ve locities above 18 m/s, i.e., 
Figure 7- 19. ICE-17 tungsten VISAR data 
(surface veloc it ies). s, and s, are the points 
where the Lagrangian analysis was started, and 
e I and c2 are the corrcsponding end points. 
after the nOIse effects were 
completed. This noise introduced an 
uncertainty in the stress. (Thi s noise 
proved to be less of a problem for the Backward analys is, see " ICE- 17 results of 
Backward optimization in tungsten" in secti on 7. 14.2.) 
7.14.1 ICE- I 7 Lagrangiantllngsten results 
T he Lagrangian wave velocity is plotted as a function of stress in Figure 7-20. 
5500 
ITUngstenl 
52SO 1 
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47SO Expt 
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4250 
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Gpa--- - Pa -
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O.OE+OO 5.0E+09 1.0E+10 1.5E+1 0 2.0E+10 
Figure 7-20. ICE- 17, tungsten. Lagrangian wave velocity 
versus stress derived from the two tu ngsten sa mples (P" 
Because of th e effects of the 
VISAR nOIse (mentioned 
above) the ca lculated 
stresses have s ignifi cant 
osci ll ati ons (errors) that are 
most ev ident below 6 GPa. 
The estima ted veloc ity 
versus stress relationship, 
obtained uSll1g the 
techniques described 111 
Appendix H.2, IS 
and P2I ) . The calculated relationship is also shown (Calc). superimposed on the results 
[1 10]. The results are in 
reasonable agreement with the estimate, and the measured yield stress (3 to 6 GPa) is 
in fair agreement with 3.60 G Pa from Asay. The transition from elastic to plastic at 
the HEL in these data was poorly defined, and that cou ld have been due in part to the 
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poor quality of the data. (However, the results of ICE- 19 suggest that the poorly 
defined tTans ition was rea l, and not a feature caused by the poor data quality .) Asay 
[101] also observed that the transition in tungsten is poorly defined , may not be 
2.0E+10 I 
Stress 
Pa I Tungsten I 
1.SE+10 
1.0E+10 
Expt 
5.OE-tOO 
Calc 
O.OEiOO 
0 50 100 
Upm!s-
150 200 250 
perfectly elastic-plastic, and 
may be strain rate 
dependent. 
When these wave 
velocity vs. stress data were 
combined to obtain the 
stress vs. particle velocity 
data, the results appea red 
very close to the ca lcul ated 
data, as shown in Figure 7-
Figure 7-2 1. ICE-1 7, tungsten. Experimental and 
2 1. As before, wi th the calculated stresses vs. parti cle velocity data. 
wave ve loci ty vs. stress 
plot, the e lastic- plasti c transition at the HEL did not agree with the ca lcul ated 
transition (3 .6 G Pa); this is because of the noi se at the feet oflhe VISAR data. 
7. J 4.2 IC£- 17 reslllts of Backward optimization in tllngsten 
As the sample ho lder was copper, there was an impedance mismatc h between the 
tungsten samples and the sample holder. Consequen tl y, for the tungsten samples, the 
Backward ca lculations were performed from the free (outer) surfaces back to the 
copper tungsten interface, rather than the inner surfaces of the load slit. 
Table 7-4. The left hand matrix A, shows the coeffici ents of the Cl. vs. P polynomial fit for 
ICE-17 using the Backward tcch ni que. The yicld strcngth was sct to 2.4 GPa. The fit on the 
right, A,,,, is the isent rope deri ved from the Hugoniot data for compari son. 
4097.738 4036.867 
2 . 19087746 x I 0-8 3.05 132 I x I0-8 
A = , -8.5854400 x I 0 1. A bs == -7.743756 x 10-2• ji-OIl1 Hllgonio/ 
3.03210370 x 10 1I 2.325806 x 10-1I 
-2.9919240 x I 0 4' -3.0 12922 x I 0-43 
The Backward calcu lations were performed with the isentrope de rived fro m the 
Hugoniot, a a starting point, and then the isentTope was optimized w ith the Amoeba 
routine. U ing the isent rope A", derived fro m the Hugoniot, shown on the ri ght of 
262 
Chapter 7 
25~~~~~~~2::S~~~~ 20 1 Stress 
.. 15 
(l. 
(!) 10 
5 
B 
E 
HEL 
o~~~~~~~~~~~~ 
-0 .20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
~sec 
25ro-~~~'P~::::-~~~i 
Stress 
20 
.. 15 (l. 
(!) 10 
5 
O~~~~~~~~~~~~, 
-0 .20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
25 0 pt. 
20 Stress 
~ 15 
(!) 10 
~sec 
Yo= 2.4 GPa, 
SD = 44 MPa 
5 
O~~~~~~~~~~--~I 
-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
HEPP-/CE data analysis techniques 
600rr~--~~~--~~~~~~ 
500 
400 
III 
Particle 
velocity 
- 300 E 
III 
200 
100 
O~~~~~~~~~~~J 
-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
600 
500 
400 
Particle 
velocity 
~sec 
E 300 
III 
200 
100 
O~~~~~~~~~~~~' 
-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
600 
500 
400 
Particle 
velocity 
~sec 
E 300 
200 
100 
O~~~~~~~~~~~~' 
-0 .20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
~sec ~sec 
Figure 7-22. I E- 17. Backward calculations of stress and particle velocity in tungsten with 
the isentrope derived from : the I-Iugoniot with zero strength (top); from : the Hu goni ot with 
Yo = 1.7 G Pa (middle); and the isentrope optimized wi th the Backward method and Yo = 
2.4 GPa (bottom). HEL is the Hugon iot elasti c limit. " B" and "E" show the beginning and 
end of the time range that was optimi zed by the Backward ca lculat ion. The SOs were 
calculated fo r all stresses betwecn Band E. 
Table 7-4, the standard deviation of the two stress curves ca lculated with Backward at 
the x = 0 posit ion was 170 M Pa. Similarly, after us ing the Amoeba optimization , the 
new isentrope, As, gave a standard deviation of 54 M Pa. 
The corresponding Backward calculations are plotted In Figure 7-22. The 
calculations were performed between the time limits Band E as indicated in the plots. 
The top pai r of plots represent the ca lculat ions using the isentrope de ri ved from the 
Hugoniot and with no material strength, i.e., the stress was taken as being equal to the 
pressure. The effects of the materia l strength are quite ev ident below - 5 GPa where 
the two curves diverge. The SD between the two curves was 166 M Pa. 
ow looking at the middle plot , when the effects of strength were accounted for, 
the fit was of about the same quality as above between Band E, with an SO of 
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172 MPa. Here the HEL and the yie ld strength were orig inall y estimated to be 
2.8 G Pa and 1.7 G Pa for pure tungsten. The fits of the two curves below the HEL 
were grea tl y improved (compared to the top plots), bu t a careful scrutiny shows that 
they diverged by 12 ns. This indica tes tha t the 1.7-G Pa yie ld strength was too low. 
When the isentropes were optimized using the Amoeba a lgori thm, and the yie ld 
strength was set to 1.7 GPa, the SD was 48 .6 MPa. These resu lts are not shown. In 
the lower plots, the Amoeba algorithm was used to optimize the isentTope polynomial 
to match the data, and Yo was adjusted to 2.4 G Pa (by tria l and error): Th is value of 
Yo is cons istent wi th the strength of2.2 GPa publi shed by Steinberg and Gui nan [104] 
and the 3.60 G Pa HEL from Asay which g ives Yo = 2.2 G Pa. For the 2.2-G Pa yie ld 
strength, the SD was reduced to 44 M Pa, and there was a near perfect match of the 
plots below the HEL. From (7.5), the yield point or HEL would be 3.9 G Pa for a 
Poisson' s ratio of 0.280 [ 103). As the V1SA R data are accurate to within I ns here, 
Top 
Figure 7-23. Cross-
the HEL is esti mated to be 3.9 ± 0. 1 GPa. 
7. 15 Genera lized Lagr a ngian results from IC E-1 9 
Four tungsten samples were placed in the one-piece 
copper target assembly shown in Figure 7-23 wi th the 
measured mean thi cknesses of Table 7-5. These samples 
were easy to measure accurately because they could be 
measured wh ile separated fro m the assembly and inserted 
later. However, the thi cknesses of the copper floors were 
much more diffic ult to measure. This was because they 
were part of the one- piece assembly. 
The method of measurement o f the fl oor thi ckness was 
to in en a tightl y-fitted shim into the s lit, and measure the 
depth of the floor fro m the top surface of the load cavity 
relati ve to the shim. The prob lem with thi s was that it was 
secti on of the ICE-19 di ffic ult to obtain measurements to within the requi red 
sample assembly 
showing the location of 
the four tungsten 
samples. 
1- llm error. Instead, the error is estimated to have been 5 to 
10 rI m, which was too la rge. Moreover, it is essential that 
the copper fl oors have identi cal thi cknesses fo r the oppos ing 
• The yield strength can be easily optimizcd by an extension to the order orthe Amoeba routine. 
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Table 7-5. The four tungsten samples in ICE- 19. 
Sample Pa ir Thickness , mm 
I Top 1.0272 
2 Top 1.9676 
3 Bottom 2.9726 
4 Bottom 3.9730 
samples. If they were d ifferent, the driving compress IOn waves at the in terfaces 
between the copper fl oors and the tungsten samples, on e ither side of the sli t, would 
not be exactl y matched in e ither stresses or times of alTi va l. 
For small di fferences in the thi cknesses of the copper fl oors, i.e., of the order of 
10 flm, it can be shown that only timing correcti ons are necessa ry because the 
dispersion of the ramp wave in the copper is negligible over such short di stances. For 
larger di ffere nces, the method of characteristi cs (shown in Chapter 3) would be 
necessa lY to determine the ramp wave shape at a common thi ckness in the copper 
floors. Clea rly, it would be better if the fl oors were exactly matched, and their 
thicknesses known exactly, so that no correction process was requi red. 
7. 15. 1 ICE- 19 tungsten results and discllssion 
The VISAR surface velocity data shown in Figure 7-24 were of good qua lity , with 
littl e or no noise and clean base lines on all but sample # I, where there was a little 
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1.6 
Cl) 
-E 
1.4 
~ 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 ~sec-
10.0 10.4 10.8 11.6 
Figure 7-24. ICE- 19 VISA R data for surface veloci ties on the 
fo ur tungsten samples. 
noise be low the HEL-
inflecti on (i.e. , below 
100 m/s). Compared to 
the ICE-17 data, Figure 
7- 19, these veloc ity data 
were excell ent. 
The generali zed 
Lagrang ia n results a re 
shown in Figure 7-25 in 
terms of the Lagrangian 
wa ve ve locity as a 
fu ncti on of stress . 
Superimposed on the 
two plots are the 
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Figure 7-25. ICE- 19 tungsten. The Lagrangiall wave velocity vs. stress in the two sample 
pairs, 2&4 and I &3, compared to the results for ICE- 17. The dashed li ne is the calculated 
isentrop ie stress derived from the I-Iugolli ot. 
isentropie data deri ved from the Hugoniot for pure tungsten [I 10) , and assuming a 
yield stress of3 .6 GPa, and the results from ICE-17. 
There is a elear difference between the results fro m the two pairs ( I &3 vs. 2&4) 
and this was li kely due to the poor control and measurement of the copper floor 
thi ckness described above. There is excell ent agreement between the result of 
sample pair 2&4 with the calcul ated isentrope, but the agreement may be fortuitous. 
By trial and error, it was found that a 10-flt11 error in the floor thicknesses would 
account for the differences observed and close the gap between the two pa irs of 
curves. The nois iness of the Lagrangian ve loc ity data for sample pair I &3 was caused 
by the noise in the VISAR data of sample # I below the H EL. 
As with ICE-I7, it is clear that the transition from elastic to plastic at the HEL is 
poorly defined, but unlike ICE-I7, we cannot blame this on poor data; the data here 
are good . Aga in , Asay [10 I) observed the same poorl y defined transition . From these 
ICE- 19 data, the transition starts near 3 GPa but extends to more than 10 GPa. Note 
that the transition may not be instantaneous but could require a finite time for the 
material to yie ld . If that were the case, from the Backward results (presented later) the 
transition occurred over 135 ns, wh ich is very s low by shock wave standards. As 
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Asay observed, the occurrence of such a slow transition is unlike ly because the 
prevai ling ri setimes in a shock experiment are of the order of I ns. It could be that as 
the transiti on occurs in an ICE experiment under nearl y isentropic conditions,' the 
temperature ri se is small compared to a shock experiment, and the kineti cs of fai lure is 
that much slower as a resu lt. The transitions observed in shots ICE- 17 and ICE- 19 
were simi lar. 
The maximum deviation between the two ve locity vs. stress curves was 
approximately 2%, which is consi stent with the estimated error in the fl oor thickness 
of 15 ~I m . Clearly, this was an unacceptably large error, which must be corrected by a 
change in the sample holder design and method of measurement. 
The stress vs. particle ve locity culves of Figure 7-26 look much better because the 
errors caused by deviations in the velocity tend to integrate out when the stress is 
calculated. The deviation between the results for the 2&4 pair and the calculated 
isentrope were negligible whereas the I &3 pair data were about 2% lower in stress. 
Note that all three cUlves were essentia ll y parallel ; the most signifi cant differences 
were in the es timates of yield strength. I f we fit quadratics to the data above the yield 
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Figure 7-26. ICE- 19 lungslen-i senlrope dala . Stress vs. particle velocity and th e 
isentropie s tress deri ved rrom th e Hugoni ol. 
• The transition is nol perfectly isentropic because failure is not a reversible process. 
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region, the fit s to the three curves and the ca lculated isentrope are as s hown in Table 
7-6. 
Table 7-6. Experimenta l results for stress vs. particle velocity isentropes for tungsten and 
the isentrope derived from the Hugoniot (Calc isen) . 
Expt a. a, a, V. HEL 
ICE- 17 1.72365 GPu 7.66077E+07 2.4663 I E+04 2.59 GPa 4.23 GPa 
ICE- 19 1&3 1.1 3799 GPa 7.57456E+07 2.620 I 4E+04 1.7 1 GPa 2.79 G Pa 
ICE- 19 2&4 1.68693 GPa 7.4626 I E+07 3. I 1564E+04 2.53 GPa 4. 14 GPa 
ra le isen 1.47 GPa 7.76828E+07 2.20095E+04 2.2 GPa 3.6 GPa 
The aa terms can be cons idered as the individual estimates of 2/3 Ya, where Ya is 
' the yie ld stress from (7.4) . T he corresponding va lues of Ya and the HEL are also 
shown in the tabl e. The va lues of the HEL for ICE- 17 and ICE- 19 2&4 were in close 
agreement and had a mean of 4.2 G Pa ± 45 MPa (Ya = 2.56 G Pa ± 28 MPa) . In 
contTast, the H EL fro m ICE- 19 I &3 was s ignifi cantl y small er, probably because of 
the noi se at the foo t of the # 1 s igna\. 
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Figure 7-27. Tungsten isentropes, pressure p., vs. parti cle velocity Up. Calc - isentrope 
derivcd from I-Iugoniot; 17 - ICE- 17 data; 1&3 - ICE- 19 I &3 data ; 2&4 - ICE-19 2&4 
data. The inset shows that the maxi mum deviation from the ca lcula tcd isentrope is 
<200 MPa. 
However, it appears from Figure 7-25 that the simple elas ti c-perfectl y plastic von 
Mises model for y ield in tungsten was inadeq uate to describe its behavior; a more 
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sophisticated model was probably required . Consequently, the HEL data of Table 7-6 
are of limited va lue. 
If we set these ao terms to zero, we obta in the pressure vs. particle velocity 
isentropes shown in Figure 7-27. The figure shows good agreement between the 
results, despite the problems with the VISAR data and the thickness measurements. 
The calculated isentrope and the data of ICE- 17 and ICE- 19 2&4 differed by <Y:z%, 
whereas ICE- 19 I &3 differed by - I %. 
7.16 Backward results from ICE-19 
As with ICE-I7, because of the impedance mismatch between the tungsten 
samples and the copper sample ho lder, the Backward ca lcu lations were performed 
from the free (outer) surfaces back to the copper tungsten interface. 
Like the results from the generalized Lagrang ian ana lys is above, there was a clear 
difference between the results fi·om the two pairs ( I &3 vs. 2&4) and thi s was likely 
due to the poor control and measurement of the copper fl oor thickness. In fact , the 
wave arriva l times at the x = 0 position were different, which is c lear ev idence of a 
di fference in the fl oor thicknesses. Consequently, there was little benefit to be gained 
from optimizing the isentrope and the HEL with the Amoeba routine. 
The Backward calculations at x = 0 are shown in Figure 7-28. The standard 
deviations between the results for sample pairs I &3 and 2&4 at x = 0 were 275 MPa, 
and 267 MPa, which were obviously poor in compari son to prev ious experiments. 
The Backward calculations were performed with the isentrope deri ved from the 
Hugoniot and an HEL of 4.58 G Pa (Yo = 2.8 G Pa). 
The H EL was found, by tri al and error, to provide the best match between the 
curves at x = O. The best HEL was high compared to the results from the genera li zed 
method for ICE- 17 and samples 2&4, i.e., 4 .2 G Pa ± 45 MPa . However, given that 
the elastic to plastic transiti on appears to be non-idea l in tungsten, th is is a reasonable 
approx imation. The purpose of the von Mises model in the Backward calculation is to 
derive the pressure from the stress above the HEL, so it is important to account for the 
2/3 Yo component of the stress above the HEL as accurate ly as possible. The exact 
process of the trans ition is not important. 
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Figure 7-28. ICE-1 9. Result s of the Backwa rd ca lculations at x = 0 for the two pairs of 
tungsten samples. The curves on the left are the ca lculated stresses and the pal1 icle velociti es 
(U p) are on the ri ght. Sample pair I &3 is on the top; pai r 2&4 is 0 11 the bottom. 
7.17 Summary of all ICE isentropic da ta 
This chapter has focused on the ana lys is of the VISAR data obtained in ICE 
experiments, and the deri vation of the required isentropic EOS data. T he two data 
analysis techniques, the genera lized Lagrangian and the Backward, were examined in 
detail. Both techniq ues were appl ied to the analys is o f all the data from experiments 
on copper and tungsten. 
T he data for tu ngsten (and coppe r) demonstrated the inaccuracies of the 
techn ique, which may be as low as 0.2% in pressure. These inaccuracies depend on 
the size of the sample, the pressure range, the time reso lution of the VISAR, and the 
accuracy of the thickness measurement. 
Some interesti ng structure was observed 111 the elastic to plastic failure o f 
tungsten, and this differed from published shock data . 
Important lessons have been learned from these ex periments. It was observed that 
the currents redi stribute themse lves along the load section, so the magneti c load ing is 
exactly matched fo r oppos ing samples that share the ame magneti c fi eld, but it is not 
matched between samples up and downstream in the load . Because of the way the 
magneti c fi eld i shared between samples, the high degree o f magnetic pressure 
unif0ll11ity and the ability to study large sample sizes, the HEPP-ICE technique is 
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poten tia lly more accurate than the ICE techn ique on the Z-machine. Accurac ies of 
99.8% in the stress data have been demonstrated. 
The des ign of the load has to be improved. The one-piece load of ICE-1 9 had the 
advan tage tha t there was no current joint at its tip. A current joint diss ipates e lectri ca l 
energy and produces an intense light source that can saturate the V I SAR channels. 
However, it proved ex tremely difficult to control and measure the thickness of the 
copper fl oors of the one-piece sample holder, and thi s adverse ly affected the accuracy 
of the results. Future work must include a new load design. 
The Backward and generali zed Lagrangian proved to be complementary 
techniques fo r data analys is, a lthough the genera lized technique has the disadvantage 
of providing inaccurate parti cle ve loc ity estimates. 
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CHAPTER 
EIGHT 
SUMMARY AND CONCLUSIONS 
I n the Introduction (Chapter I) the need for high pressure isentropic data was 
explained, the theory and the various techniques for obtaining those data were 
di scussed. It was shown that the High Exp losive Pulsed Power (HEPP) Isentropic 
Compress ion Ex periment (ICE) has s ignificant advantages over other techniques in 
terms of accuracy, pressure range and sample size. 
ICE is a relati vely new technique, which uses rapid ly ri sing magneti c fie lds to 
isentropica ll y compress materi als to stresses of the order of 100 G Pa and above, over 
many hundred nanoseconds. ICE was first reported by J.R. (Jim) Asay [25] , and hi s 
work was performed on the Z-machine at the Sandia National Laboratory (SN L) in 
Albuquerque, NM, USA. Us ing ICE, the Sandia researchers were ab le to obtain 
accurate isentropic equation of sta te (EOS) data at large stresses in a p lanar geometry 
by magnetic load ing . 
The origina l intention of the HEPP-I CE study was to reduce the costs of the Z-
machine based ICE experiments w ith HEPP-ICE, but it quickl y became apparent that 
the Z-machine (and its likely successors) was probably a better platform for ICE from 
an economic standpoint, though not by much. Instead, the rea l advantages of HEPP-
ICE would be its accuracy, portability, sample sizes, durations of stress drive, and 
max imum stresses that can be atta ined without shocks. 
The phys ics of e lectromagnetic load ing, as applied to the ICE technique, were 
presented in Chapter 2. It was shown that the HEPP- ICE load configu ration is 
capable of producing magnetic pressu res that are uniform to I part in 1000 over the 
centra l 87% of the sample faces, and that HEPP-ICE provides exact matching of the 
pressures between opposing samples. This magnetic un ifonnity and matching are 
necessary for the highest accuracy isentropi c equation of state data. 
Chapter 8 SlIl1l1l1GI), Gild COI1c1usions 
The circuit des ign of an HEPP- ICE experiment was examined in Chapter 3. Two 
essential components in the design are the flux compression generator (FCG), which 
provides the large electrical currents, and the explos ively-formed fuse (EFF) opening 
switch, which controls the ri setime of the current fl ow to the load; the models of these 
were di scussed in detail. TopSPI CE circui t modeling has been developed as an 
important des ign too l for the des ign and current shaping in an HEPP-I CE experiment. 
These circuit models and characteristics analyses were used to predict the ultimate 
perfomlance of HEPP-ICE systems. It was shown that a large-scale HEPP-ICE 
system (now being designed) is capable of producing shock-free loading up to 2.2 TPa 
in 10-mm thick tungsten samples. The study al so showed that HEPP-ICE is best 
suited to the production of high accuracy, high-pressure EOS data because of the long 
risetime currents that can be atta ined with it; ri setimes in excess of2 J.l S are poss ible in 
comparison to 500 ns on other machines. 
Chapter 4 was devoted to the physica l des ign of the FCG, EFF and associated 
HEPP components. The importance of accurate and predictable c ircuit timing was 
discussed, especiall y of the c los ing switches. Po lyimide clos ing switches were 
invented by the author to meet these timing needs. The ana lysis, des ign and 
development of these switches were presented in Chapter 5. 
All the experimental work, with the exception o f the isentropic data analys is, was 
presented in Chapter 6, while the corresponding isentropic data analys is was given in 
Chapter 7. The data were ana lyzed with two techniques, the generali zed Lagrang ian 
and the Backward techniques. The techniques were compared with each other and 
shown to be complementary, each has it strengths, but the Backward technique is the 
onl y one able to correctly ca lculate the particle ve locities from the VISAR data. 
It was shown that the accuracy of the HEPP-I CE system is enhanced by the 
uni fo rmity and matching of magne tic pressure loading, and by the larger sample s izes 
that can used in HEPP- ICE. Data for tungsten (and copper) were presented which 
demonstrated the inaccuracies of th e technique, which may be as low as 0 .2% in 
pressure. Moreover, some interesting structure was observed in the elastic to plasti c 
fa ilure of tungsten, and this differs fro m published shock data. 
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8.2 Future Work 
As a guide to future researchers, as well as th is author, there are many areas of the 
HEPP-ICE theory and experimentati on that need more work; these are summarized 
below. 
8.2. 1 3-D load expansion 
A three-dimensional MHD hydrocode such as ALEGRA is required to model the 
dynamic movement of the load. The mean linear current density in the load circui t is 
very large, and it ri ses rapidly from zero to >400 MAIm in - 500 ns. Consequently, 
the Joule hea ting in this layer is significant, and the temperature of the skin depth ri ses 
rapid ly; it may cause the surface to melt, vapori ze, or ab late, see Chapter 3. The 
electri ca l conductivity of the metal is a strong fun cti on o f temperature and materia l 
state; it also increases with applied pressure. These combined effects cannot eas ily be 
modeled without an advanced equation of state o f the conductor and a three-
dimensional MHD hydrocode. Without such a too l, the di ffusion losses can only be 
estimated. 
8.2.2 Circuit analyses 
The circuit analysis descri bed in Chapter 3 used a TopSPICE mode l to predict 
load expansion. Given that the model used one-dimensiona l approx imati ons to 
ca lculate the pressures and veloc ities, the agreement with experimenta l results was 
good. The model approx imated to the load by using an e lectrical to mechanica l 
transmission line analog, bu t the h·ansmiss ion line could not accommodate changing 
wave veloci ti es . A two-dimensional model would be preferred with a voltage 
dependent ve locity in the transmiss ion line. 
8.2.3 Improvements to HEPP-ICE circuit design 
8.2.3. 1 tOl·age inductor 
The square-box design of the storage inductor (Chapter 6) should be replaced with 
a half-pipe storage inductor. This would reduce losses and noise caused by arcing at 
the current jo in ts. 
8.2.3.2 Use polyimide switches for FCG crowbar 
The outpu t of the plate flux compress ion generator (FCG) should be crowbalTed, 
i.e., a set of polyimide switches should be used to short c ircuit the output at the 
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appropriate time. This would eliminate the loss of current if and when the generator 
plates bounce apart. In addition, the insulation at the output of the FCG could be 
redesigned to prevent the bounce. 
However, if the internal inductance of the FCG itself is used as a storage inductor, 
as in 8.2.3.3, then there would be no need of an FCG crowbar and bounce would be 
timed to occur after the EOS stage of the experiment had been completed. 
8.2.3.3 Use ofFCG as storage inductor 
The internal inductance of the FCG itself could be used as the storage inductor. 
This would be done by operating the downstream components of the HEPP circuit at 
earlier times, i.e., before the FCG had eliminated its inductance. This would eliminate 
the need for the crowbar switches on the FCG output. 
8.2.4 EFF improvements 
The design of the chamfer that delays damage to the top hat insulator should be 
revisited for possible improvements. 
The tolerances associated with the cylindrical construction of the EFF should be 
tightened to eliminate air gaps and thereby reduce the timing jitter, see Chapter 4. 
A new design, the reduced mass EFF, would employ a significantly improved 
multi-point initiation system that would reduce the explosive mass and eliminate the 
air gaps. Development of this initiation system should be continued and tested. 
The transmission line design around the top of the EFF could be designed for 
more uniform current flow. 
8.2.5 Closing switch optimization 
One minor drawback of the polyimide switch is that, for predictable and accurate 
timing, we must ensure that the P-IOO plane wave lenses are made to high precision 
from the same batches of explosives. Moreover, we must test every batch to ensure 
accurate timing. All this makes these switches expensive. Therefore, the 
development of a cheaper P-IOO lens or another explosive drive would be beneficial. 
8.2.6 Reduction o/systematic timing errors in VISAR data 
There are systematic timing errors in the VISAR measurements. The corrections 
of these timing errors, described in Chapter 7, lacked mathematical rigor; a better 
mathematical technique is sought. Of course, it would be better to reduce the time 
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error of the VISAR records directly, see 8.2.9.4. Whatever particle velocity 
diagnostics are used, e.g., PVD or VISAR, there are always likely to be timing errors, 
so a rigorous mathematical technique would always be beneficial. 
8.2.7 Phase changes 
Many materials undergo phase changes at modest pressures. For example, it was 
observed in the 1950s that when iron was shocked above 13 GPa three shock waves 
developed [107]. Should a phase change occur in an ICE experiment, it can cause a 
stress discontinuity in space or time, thus violating one assumption of the Backward 
analysis. The phase change will likely occur away from a surface, so its precise 
position will be unknown, and therefore its associated stress and particle velocity 
would be unknown. However, there is no fundamental reason why phase changes 
could not be analyzed for an ICE experiment. (As one shown in Chapter 7, it is 
already possible to analyze material strength effects in an ICE experiment.) The 
subject of phase transitions in ICE experiments is likely to be an active topic of 
research in the near future. 
8.2.8 Development Experiments 
8.2.8.1 Repeat FCG characterization 
The experiment used to characterize the flux compression generator (FCG) should 
be repeated with at least two experiments with different inductances and better voltage 
probe placement (Chapter 3). 
8.2.9 Improvements to HEPP-ICE experimentation 
8.2.9.\ Improvements to load current transfer 
To improve current transfer to the load a number of modifications should be 
considered, including: reducing the thickness of the insulation; rounding the edges of 
the slit to a O.5-mm radius to mitigate against breakdown; and reducing the height of 
the taper by reducing the taper angle to 3D· or less from the existing 45° angle. 
8.2.9.2 Load design 
To improve the accuracy of the load thickness measurements, i.e., the 
measurements of the floor thicknesses, a better design is needed. The new design 
should ideally allow easy access to the inside surfaces between the floors and avoid 
the use of a current joint. 
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8.2.9.3 Temperature control 
For improved accuracy and predictability, the experiments should be performed in 
a temperature-controIled environment. At present, the HEPP-ICE experiments are 
fired in the open air, often under the onslaught of the New Mexico summer sun. The 
load and other key components are shaded from the sun, but even in the shade, the 
ambient temperature may exceed 30°C. Consequently, the experimental components 
get hot and expand. In particular, the dimensions of the load will change. The 
temperatures are recorded so that the dimensions of the warm load can be calculated, 
but a controlled environment would reduce shot-to-shot variations in performance. 
8.2.9.4 Timing and synchronization of Faraday, VISAR data with electrical data 
To improve the synchronization of the data, it would be beneficial to develop an 
optical common timing system for both the Faraday rotation probes and the VISAR 
system. (The VISAR signals are accurately synchronized to each other but there is 
presently no way to synchronize them with the other data.) 
It may also be possible to synchronize VISAR channels with the Pockel cell by 
repetitively pulsing with the digitizers in the sampling mode. This would improve 
timing error measurements. 
It is planned to improve the timing precision of the VISAR with a O.2-ns system, 
as opposed to the I-ns system in use today. Long term, the use of PDV diagnostics 
should be explored. PDV has the potential for producing 50-ps accuracy data. 
8.2.10 Larger explosive systems for higher pressures and higher accuracies 
For improved accuracy and larger pressures, larger HEPP-ICE systems will be 
developed. Initially, the prototype system could be expanded to use several plate 
generators (FCGs) in parallel. Ultimately, a full-scale 2.2-TPa Ranchero based system 
should be developed. 
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APPENDIX 
A 
DERIVATION OF GRAY'S, ROSA'S, AND OTHER 
FORMULAE 
A.I Introduction 
This appendix relates to the calculations of the inductance of a parallel plate 
transmission line, i.e., the HEPP-ICE load described in Chapter 2. The formulae 
pertain to steady currents with uniform current distributions. Although the formulae 
were used for the HEPP-ICE load they may be of more general interest. In particular, 
Table A-I quantifies the Knoepfel coefficient for parallel plates that has only been 
presented graphically up to now [1]. The solutions presented here are for the 
geometric mean distances (GMDs) between: a filament and a sheet (section A.2); two 
sheets, asymmetric (A.3) and symmetric (AA) to each other; a sheet and a rectangle, 
symmetric (A.S) and asymmetric (A.6); and two rectangles, symmetric (A.7) and 
asymmetric (A.S). 
The following calculations have been made to verify and expand on Gray's [2] 
formulae and Rosa's [3] corrections for the GMDs between points, filaments, sheets, 
and rectangles. Gray and Rosa analyzed the cases of symmetric sheets and rectangles, 
i.e., where the centers are geometrically aligned on a common perpendicular. The 
author has extended their work to include asymmetric rectangles. All the following 
formulae are reduced to the formula for the inductance of a pair of filaments which are 
separated by a distance d and have a length I. 
This expression may be used to find the mutual inductance of any pair of 
conductors, if the GMD between them is known and substituted for d. What follows 
are various calculations of that GMD. 
Appendix A Derivation of Gray's, Rosa's, and other formulae 
From the seminal work of Grover [4], the GMD is defined as the mean of the 
natural logarithms of the distance. Given any number of differing shapes, with areas 
A, B, C, etc. with GMDs from another shape S of Ra, Rb, Rc, etc., the GMD of their 
sum from S is R where 
InR = AlnRa +BlnRb + ClnRc + ... 
A+B+C+ ... 
(A-2) 
In all cases, current flow is into and out of the paper. In deference to the work of 
Gray and Rosa, their designations for the distances are used wherever possible. The 
following derivations use the same process of extending the regions of integration 
systematically, until the asymmetric rectangle-to-rectangle problem is solved (which 
goes beyond Gray's and Rosa's work). 
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A.2 Sheet to filament GMD 
A filament is set to a distance p above a flat sheet. The distances from the edges 
of the sheet to the perpendicular 
, 1 
p 
I 
a 0 a' 
Figure A-1. Sheet to filament calculation, 
asymmetric. 
distance, InR becomes 
from the filament are a and a', 
as in Figure A-I. The GMD is 
found by integration of all the 
points along the sheet between 
the extremes, a' and -a. As a' 
and a may be different lengths 
the problem is asymmetric. As 
the GMD is defined as the mean 
of the natural logarithms of the 
InR = }n~p' +x'dx /}fx=r~ln(p' +x')dx+(a'+a) 
= [~In(p' + x')+ p.atan(; )-x I +( a'+a) (A-3) 
= {~In(p' +a!2)+~ln(p' +a')}+ P.{ atan( ~)+atan(;)} I 
a'+a 
This agrees with Gray's formula (104) [3]. 
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A.3 Sheet to sheet GMD, asymmetric 
Equation (A-3) gives the foundation for calculating the GMD of two parallel 
sheets A(a) and B(c) where their 
c -(J,..;·::.._.:r0:...._....,~=::;. :.... ______ ."'~ planes are p apart. The centers of the 
! t sheets are not necessarily opposite 
I p each other on the perpendicular, so 
l ! the problem is asymmetric. The 
a 
Figure A-2. Sheet to sheet, asymmetric. 
distance between the perpendiculars 
through the centers is 0.5 (.0 - a - a). 
This time we replace the filament 
of (A-3) with a line of filaments, at a distance p on the perpendicular to the original 
sheet. Consider the line of the original sheet (Figure A-I) being on the bottom with 
length a. The top sheet (length c) is formed by integrating those filaments from 
x = -a to x = .0. The position x = 0 is immediately above the beginning of the original 
sheet. As before, the GMD is defined as the mean of the natural logarithms of the 
distance. 
InR 
p a-x 1 P a-x 
= f hln(P'+y')dy.dx+ f fdy.dx 
-a -x -a -x 
In[p' +(fJ -a)' J( p' -(.0 -a)') 
-In[ p' +(a +a)' J( p' -(a +a)') 
-In[p' + fJ'J(p' - .0') 
+In[p' +a'J(p' _a') 
(p-a)atan(p~a )-(a+a)atan( a;a) 
-patan(~ )+aatan(~) -p 
3ac 
2 
(A-4) 
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This result agrees with Gray's Equation (109) [3]. In this appendix, it will get 
increasing more difficult to write the complete sets of equations as the problems get 
more complex. So simple sub-functions will be defined for brevity, and the complete 
solution will be expressed in terms of these sub-functions. As an example, Equation 
(A-4) can be rewritten as a function offnA thus 
fnA(w) = : (p' -w')ln[p' +w'J-wp.atan(;) 
(A-5) 
InR = fnA(fJ -a)- fnA(fJ)- fnA(a+a)+ fnA(a) 3 
ac 2 
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A.4 Sheet to sheet GMD, symmetric 
This problem is the same as the previous one, but the centers of the sheets are now 
directly opposite each other on the perpendicular, i.e., the problem is symmetric. For 
symmetry, 
InR 
I 
a="2(c-a); 
a= /3 -a; ac = /32 _a 2 
p p-a-x p p-a-x 
= f f ~1n(P2 + y2)4Y.dx+ f f dy.dx 
-Cl -,X -a -x 
c=/3+a 
p [ (J JP- a - x = -I ~ln(p2+x2)+p.atan ; -X -x dx+ac (A-6) 
I lln [/32 + p2 ] (/32 - p2) ) { (J ( )} 
- [ J( ) +2p /3atan /3 -aatan a 
2 -In a 2 + p2 a 2 - p2 P p 3 
= 
ac 2 
These results agree with Gray's Equation (Ill) [3]. The results may also be used 
to substitute for the Ksh-factor used by Knoepfel [I] to estimate inductances of 
symmetric sheets. 
Table A-I. Calculations of the Knoepfel Ksh factor using Equation A-16. 
hlW Ksh hlW Ksh hlW Ksh hlW Ksh 
0 1 1.0000 0.5 2.0000 0.352213 
0.01 0.980567 0.51 0.643833 1.0101 0.497783 2.0408 0.348203 
0.02 0.965546 0.52 0.639934 1.0204 0.495543 2.0833 0.344134 
0.03 0.95219 0.53 0.63609 1.0309 0.49328 2.1277 0.340005 
0.04 0.939916 0.54 0.632299 1.0417 0.490994 2.1739 0.335815 
0.05 0.928445 0.55 0.628559 1.0526 0.488685 2.2222 0.331563 
0.06 0.917614 0.56 0.62487 1.0638 0.486352 2.2727 0.327246 
0.07 0.907316 0.57 0.621231 1.0753 0.483995 2.3256 0.322863 
0.08 0.897472 0.58 0.617639 1.0870 0.481612 2.3810 0.318411 
0.09 0.888026 0.59 0.614096 1.0989 0.479205 2.4390 0.313891 
0.1 0.878933 0.6 0.610598 1.1111 0.476773 2.5000 0.309298 
0.11 0.870158 0.61 0.607146 1.1236 0.474314 2.5641 0.304631 
0.12 0.86167 0.62 0.603738 1.1364 0.471829 2.6316 0.299889 
0.13 0.853447 0.63 0.600373 1.1494 0.469318 2.7027 0.295068 
0.14 0.845466 0.64 0.597051 1.1628 0.466779 2.7778 0.290167 
0.15 0.83771 0.65 0.593771 1.1765 0.464212 2.8571 0.285182 
295 
Appendix A Derivation of Gray's, Rosa's, and other formulae 
0.16 0.830165 0.66 0.590532 1.1905 0.461617 2.9412 0.280112 
0.17 0.822816 0.67 0.587333 1.2048 0.458994 3.0303 0.274953 
0.18 0.815652 0.68 0.584172 1.2195 0.456341 3.1250 0.269703 
0.19 0.808662 0.69 0.581051 1.2346 0.453659 3.2258 0.264357 
0.2 0.801837 0.7 0.577967 1.2500 0.450946 3.3333 0.258914 
0.21 0.795167 0.71 0.57492 1.2658 0.448203 3.4483 0.253369 
0.22 0.788646 0.72 0.57191 1.2821 0.445429 3.5714 0.247719 
0.23 0.782267 0.73 0.568935 1.2987 0.442622 3.7037 0.241959 
0.24 0.776022 0.74 0.565995 1.3158 0.439783 3.8462 0.236086 
0.25 0.769907 0.75 0.563089 1.3333 0.436911 4.0000 0.230093 
0.26 0.763914 0.76 0.560217 1.3514 0.434005 4.1667 0.223978 
0.27 0.758041 0.77 0.557378 1.3699 0.431065 4.3478 0.217733 
0.28 0.752281 0.78 0.554571 1.3889 0.42809 4.5455 0.211354 
0.29 0.746631 0.79 0.551797 1.4085 0.42508 4.7619 0.204833 
0.3 0.741086 0.8 0.549054 1.4286 0.422033 5.0000 0.198163 
0.31 0.735643 0.81 0.546341 1.4493 0.418949 5.2632 0.191338 
0.32 0.730297 0.82 0.543659 1.4706 0.415828 5.5556 0.184348 
0.33 0.725047 0.83 0.541006 1.4925 0.412667 5.8824 0.177184 
0.34 0.719888 0.84 0.538383 1.5152 0.409468 6.2500 0.169835 
0.35 0.714818 0.85 0.535788 1.5385 0.406229 6.6667 0.16229 
0.36 0.709833 0.86 0.533221 1.5625 0.402949 7.1429 0.154534 
0.37 0.704932 0.87 0.530682 1.5873 0.399627 7.6923 0.146553 
0.38 0.700111 0.88 0.528171 1.6129 0.396262 8.3333 0.13833 
0.39 0.695369 0.89 0.525686 1.6393 0.392854 9.0909 0.129842 
0.4 0.690702 0.9 0.523227 1.6667 0.389402 10.0000 0.121067 
0.41 0.686109 0.91 0.520795 1.6949 0.385904 11.1111 0.111974 
0.42 0.681589 0.92 0.518388 1.7241 0.382361 12.5000 0.102528 
0.43 0.677137 0.93 0.516005 1.7544 0.378769 14.2857 0.092684 
0.44 0.672754 0.94 0.513648 1.7857 0.37513 16.6667 0.082386 
0.45 0.668437 0.95 0.511315 1.8182 0.371441 20.0000 0.071555 
0.46 0.664185 0.96 0.509006 1.8519 0.367701 25.0000 0.060084 
0.47 0.659995 0.97 0.50672 1.8868 0.36391 33.3333 0.04781 
0.48 0.655866 0.98 0.504457 1.9231 0.360066 50.0000 0.034454 
0.49 0.651797 0.99 0.502217 1.9608 0.356167 100.0000 0.019433 
0.5 0.647787 1 0.5 
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A.S Sheet to rectangle GMD, symmetric 
Continuing the process of expanding the integration, the model of Figure A-2 is 
extended by stretching the top sheet into a rectangle of thickness d and width c. As 
c 
a 
p 
* .. a 
Figure A-3. Symmetric sheet to rectangle problem. 
the problem IS symmetric, 
t c=f3+a; a=f3-a; f3=c/2. 
d + An extra layer of integration is 
therefore added to that of (A-6), 
from the inside surface of the 
rectangle to its top, integrating 
with respect to p. In other words, 
the extra integration is shown in 
the third line of (A-7). 
Here again, the expressions are 
difficult to follow because they are so lengthy. So a new function fnB is defined to 
simplify it, as shown in (A-8). 
InR 
p+d P p-a-x 1 p+d P p-a-x 
= J J J 21n(P' + y')dy.dx.dp+ J J J dy.dx.dp 
p -a -x p -a -x 
= 7 1[; In(p' +x')+ p.atan(~)_x]P-a-X dx.dp+dac (A-7) 
p -a P -x 
7[.!.jln[f3[' + P'J(Jf3(' - p') ) + 2P{f3atan (f3)_aatan(a)}_ 3ac].dP 
p 2 -In a' + p' a' _ p' ) p p 2 
=~~~~--------~--~----------------~--
dac 
Tidying up the integration we have the following expressions, and these agree 
with Gray's (112) [3]. 
fnB(r, w) = ;(r' - ~' )In(r' +w')+ r{ w'atan(: )+ ~2 atan(;)} 
(A-8) 
InR = fnB(f3,p+d)- fnB(f3,p)- fnB(a,p+d)+ fnB(a,p) 11 
ooc 6 
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A.6 Sheet to rectangle GMD, asymmetric 
To solve for an asymmetric sheet and rectangle, we repeat the process performed 
for the symmetric sheet and rectangle, but use the asymmetric sheet to sheet formula, 
(A-5). As the problem is asymmetric, the distance between the perpendiculars 
through the centers is 0.5(p-a-a). 
fnA(w) = ~ (p2 _W2)In[p2 +w2J-wp .atan(;) 
InR=7[fnA(p-a)- fnA(p)- fnA(a+a)+ fnA(a) ~J.dP 
p ac 
(A-9) 
We can define a new functionfnC, which was obtained by integratingfnA with 
respect to p, and this is used to simplifY the integration 
fnC(y, w) = w( w2 -3y2)L~ In( w2 +y2)_ l~} 
daclnR= 
-~ {~2 atan(; )+w2atan(: J} 
fnC(p-a,p+d)- fnC(p-a,p) 
-fnC(p,p+d)+ fnC(P,p) 
-fnC(a+a,p+d)+ fnC(a+a,p) 
+fnC(a,p+d)- fnC(a,p) 
(A-to) 
3dac 
---
2 
Equation (A-IO) has been checked algebraically and numerically and it agrees 
with (A-5) when d is small, and it agrees with (A-8) when the sheet and rectangle are 
centered. 
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A.7 Rectangle to rectangle GMD, symmetric 
c 
0 
a t 
p 
I- ! 
x.-. 
-I 
sheet to rectangle fonnula (A-8) between 
p and p+b to obtain the GMD for two 
symmetric rectangles. 
Figure A-4. Rectangle to rectangle, 
synunetric. 
Using (A-8) for the definition offnB: 
we integrate the fnB tenns between p and 
p+b 
p+b p+d P p-a-x 1 p+b p+d P fJ-a-x 
lnR = f f f f "2 ln(p2 + y2)dy.dx.dp.dp'+ f f f f dy.dx.dp.dp' 
p p -a -x p p -a -x 
P+b[fnB(jJ'P+d)- fnB(jJ,p)- 1 f lIdae .dp' 
P fnB(a,p+d)+ f nB(a,p)--6-
=~~------~~----~~~ 
abed 
The solution can be defined in tenns of a functionfnD as follows 
fnD(y, w) = ±{ w (y2 _ ~2 J- :4 }In(y2 + w2) 
+Y3
W {w2atan(: )+y2atan(; J}- wt 
fnD(jJ,p + b + d) - fnD(jJ,p + d) 
abedlnR = -fnD(jJ,p+b)+ fnD(jJ,p) 
-fnD(a,p+b+d) + fnD(a,p+d) 
+ fnD(a,p+b)- fnD(a,p) 
This agrees with agree with Gray's fonnula (113) [3]. 
22abed 
12 
(A-lI) 
(A-12) 
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A.S Rectangle to rectangle GMD, asymmetric 
Finally, the integration of the asymmetric sheet to rectangle formula (A-ID) 
between p and p+b is done to obtain the GMD for two asymmetric rectangles. The 
lower rectangle is a wide by b thick, the upper rectangle is c wide by d thick, and the 
inside faces are separated by p. As the problem is asymmetric, the distance between 
the perpendiculars through the centers is 0.5 (,8 - a - a). Using (A-IO), we integrate 
with respect to p between p and p+b. 
/nC(y, w) = w( w' -3Y')L~ In( w' + y')- 1~}-
p+b 
~ {~' atan(; )+w'atan(:)} 
/nC(,8-a,p+d)- /nC(,8-a,p) 
-/nC(,8,p+d)+ /nC(,8,p) 
abcdlnR= J -/nC(a+a,p+d)+/nC(a+a,p) .dp 
p +/nC(a,p+d)- /nC(a,p) 
3dac 
---
2 
(A. 13) 
Integrating/nC (from (A-ID)) with respect to p we get fnE, and this is used to 
express the final result. 
/nE(y, w) = y' (y' -6W'){ 41S ln(r' +w')- 2~S} 
+ ;; In(Y' + w' )J; {w'atan(:)+ y'atan(;)} 
abed In R = 
/nE(,8 -a,p+b+d)- /nE(,8 -a,p +b) 
-/nE(,8,p+b+d)+ /nE(,8,p+b) 
-/nE(a+a,p+b+d)+ /nE(a+a,p+b) 
+ /nE(a,p+b+d)- /nE(a,p+b) 
- /nE(p -a,p+d)+ /nE(,8 -a,p) 
+ /nE(,8,p+d)-/nE(,8,p) 
+/nE(a+a,p+d)-/nE(a+a,p) 
-/nE(a,p+d)+ /nE(a,p) 
3abed 
2 
(A-14) 
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This solution was tested by comparing it with the symmetric rectangle to rectangle 
formula, and there was an exact match when the center separation was zero. 
Moreover, it was tested against the known solution for adjacent squares, of side a, 
touching at their corners on the diagonal. The centers of the squares are thus 
separated by J2a and the calculated GMD from (A-14) is 1.41096l862a; the solution 
quoted by Rosa is 1.410962a.' 
'Interestingly, the great James Clark Maxwell also calculated the problem of the 
touching squares on the diagonal, but got it wrong! 
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B 
FLEXPDE INPUT DECK FOR CALCULATING LOAD 
CURRENT DISTRIBUTION 
The fol lowing is the input deck to model the ClllTent distribution in an HEPP-ICE 
load with the Flex PDE software [I]. The inside surfaces of the two electrodes are 
separated by a di stance of 2s2, where S2 is the separation of each surface fro m a mid-
plane, the widths of the electrodes are WI and W2 and the thi cknesses are hi and h2; WI 
= W2 and hi = h2 for HEPP- ICE. Typical result are shown in the figure for the 
ca lcu lated current density. 
2.6e-4 _o.0061 
~.40 
~.1O 
4.80 
4.~0 
4.20 
3.90 
3.60 
3.30 
3 .00 
2.70 
2.40 
2.10 
1.80 
1. ~O 
1.20 
0.90 
0 .60 
0 .30 
0 .00 
·0.30 
Figure B-1. FlexPDE calcu lation of thc initial current dcnsity distribution when the 
total c urrent is c lose to zero in the HEPP-ICE load with an electrodc separati on of 
800 ~1111. The currents predominantly now o n the ins ide surface c loscst to the other 
electrode. 
Appendix B FLEXPDE input deck /or load ClllTel7l distribution 
TITLE 
{ 
'I-I EPP-ICE load' { ICE-Ioad.pde } 
Magnetic fi e ld between plates. D.G. Tasker. Apr 06 
One vari able, Az 
The tota l CUITents are reduced by dAzldt. But if J is increased by s igma*dt(Az), 
to fo rce the currents fo rced to the COITect value, the so lu tion goes unstab le. 
} 
SELECT errl im= I e-3 
COO RDI ATES Cartes ian {x, y} 
VARIABLES Az (threshold = I e-7 
{ Magnetic vector potentia l Az in directi on of current fl ow, Jz current density in 
Z direct ion. 
Curre nt dri ven by sinusoidal constant current source, Izt(t), fl owing 111 
oppos ing directi ons in the conductors. 
Unknowns: Jz's di stri buted from fil ament to fil ament; vo ltages along 
conductors in z-direction. 
load 
} 
DEFIN IT IONS { SI units} 
{dimensions} 
In2 m = 2.54e-2 
w l = In2m * 0.5 
whl = w ll2 
hi = 6e-3 
s2 = l e-3 
rbox = 0. 1 
{va lues} 
tr = 600e-9 
w2 = w l 
wh2 = w2/2 
h2 = hi 
{ e lectrode widths} 
{ half-widths} 
{ e lectrode thicknesses } 
{ half initi al e lectrode separation, va lY thi s to a llow for 
separati on} 
{ radius of box enclosing problem } 
{ ri setime of current from 10% to 90%} 
tau = tr / In(9) { ri setime of current to give 10% to 90% of tr} 
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tpk = I e-6 { duration of problem} 
Ipk = 5e6 { peak current in amps} 
sigmaCu = 59.5ge6 { OFHC copper conductivity } 
muO = pi * 4e-7 
sigmavac = le-12 sigma = sigmavac { adjusted according to region, 
le-12 
used for stability instead of zero } 
k = sigma * muO 
kvac= 0 
kCu = sigmaCu * muO 
Izt= 1600 * Ipk * SWAGE (t, 0, I, 5e-9) * exp(-1.2*tltau) 
{swageO gives gentle current start over 5 ns} 
Bxx= dy(Az) 
Ay=O} 
Byy = -dx(Az) { expansion of B = curl (A) when Ax = 
B = vector (Bxx, Byy)Bm = magnitude (B) 
Pb = 0.5 * dot (B, B) / muO Emag = area jntegral (Pb) 
L = 2 * Emag / Izt"2 
Jz = 0 {current density } 
I_u = area_integral (Jz - sigma*dt(Az), 'top') 
U = areajntegral (Jz - sigma*dt(Az), 'bottom') 
FiIIetRad = 5e-4 
INITIAL VALUES Az = 0 
EQUATIONS curl (curl (Az)) - muO * (Jz - sigma * dt(Az)) = 0 
resolve (dt(Az)) 
BOUNDARIES 
region 'vacuum' Jz = 0 sigma = sigmavac 
start (0, -rbox) value (Az) = 0 arc (center = 0,0) angle = 360 to finish 
region 'top' sigma = sigmaCu Jz = (Izt / (wl * hi)) 
start 'upper' (-whl, s2+hIl2) mesh_spacing = whIlIOO line to (-whl, s2+hl) 
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fillet (FilIetRad) line to (whl, s2+hl) fillet (FilIetRad ) line to (whl, 
s2) 
fillet (FilIetRad) line to (-whl, s2) fillet(FilletRad) line to finish 
region 'bottom' sigma = sigmaCu Jz = -(Izt I (w2 * h2» 
-h2) 
start 'lower' (-wh2, -s2-h2/2) mesh_spacing = wh2/100 line to (-wh2,-s2) 
fillet (FilletRad) line to (wh2, -s2) fillet (FilletRad ) line to (wh2, -s2 
fillet (FilletRad) line to (-wh2, -s2 -h2) fillet (FilletRad) line to finish 
TIME from 0 by tpk I 3e6 to tpk 
MONITORS for t = 0 by tpk I 32 to tpk 
contour (Az) norm zoom (0, s2 - h1l2,1.5*whl, 2*hl) as "Az" 
contour(Bm) zoom (0,-h2-s2,1.1 *wh2, h1+h2+2*s2) as 
"B-Field Magnitudes in Tesla" 
contour(Bm) zoom (0, s2 - h1l2, 1.1 *whl, 2* hi) as "B-Field Tesla" 
contour (Jz-sigma*dt(Az» zoom painted on 'top' as 'J-sigma.dA/dt' 
contour (Jz-sigma * dt(Az» zoom (0,-h2-s2,1.1 *wh2, hi +h2+2*s2) 
as 'J-sigma.dAzldt around 
conductors' 
vector (B) norm as "B-fields" 
report (L) 
PLOTS for t = 0 by tpk I 32 to tpk/32 by tpk I 16 to tpk 
surface (Jz-sigma*dt(Az» zoom painted on 'top' viewpoint (-0.5, -0.5, 15) 
as 'I density' 
surface (Pb) zoom painted on 'top' viewpoint (-0.5, -0.5, 15) as 'Pressure' 
surface (Bm) zoom painted on 'top' viewpoint (-0.5, -0.2, 15) as 'B field' 
history (I_u, -Cl) at (0,0) !export 
elevation (Jz-sigma*dt(Az» from (-whl, s2+1e-6) to (whl, s2+le-6) 
export file "JDyn.txt" 
elevation (Pb) from (-whl, s2) to (whl, s2) export file "PbDyn.txt" 
END 
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TOPSPICE CODE INPUT DECKS 
The following are the TopSPICE [I] input decks used to simulate the various 
components of the HEPP-ICE circuit, including dynamic circuit models of; the load; 
the flux compression generator; the explosively-formed fuse; and the closing switches. 
C.I ICE load TOPSPICE simulation 
The TopSPICE library file is used to simulate the dynamic ICE load. 
Notes: 
Dynamic load inductance calculation for ICE experiments. Use one of these for 
each of the two pairs ofloads. 
Assumes a constant wave speed CL; so choose an appropriate mean value. 
The model uses an electro-mechanical analog of the acoustic wave in the sample 
to the E-M wave in the transmission line where ZO = CL x rho; V is equivalent to the 
magnetic pressure Pmag; the current I is equivalent to Up (the particle velocity). 
Note that *and; = comment lines 
Dynamic load inductance calculation for ICE experiments . 
. SUBCKT ICE_LOAD In Rtn Pmag hI h2 
+ PARAMS: 
+ rhol = 8.930kg/m3 ; density, Cu 
+ rh02 = 8.930kg/m3 ; density, Cu 
+ CLl = 5.500km/s ; mean Lagrangian wave speed, Cu 
+ CL2 = 5.500km/s ; mean Lagrangian wave speed, Cu 
+ hI =3mm ; electrode thickness, m 
+ h2=3mm ; electrode thickness, m 
+ W= 12.7mm ; electrode width, m 
+ hO = {O.026 * 2.54e-2} ; initial separation, m 
+ len= IOmm ; electrode length, m 
AppendixC TOPSPICE code input decks 
.PARAM 
+ pi = 3.14159265 
+ muO = {4e-7 * pi} 
.PARAM 
+ ZI = {eLl * rhol} 
; won't accept" {2 * asin(l)}" here, reason unknown 
; the average wave impedance - for balanced electrode expansion and accurate 
Lagrangian analysis the two materials must be the same. 
+ Z2 = {eL2 * rh02} 
+ TDI = {hi / eLl} the transmission line delay = wave transit time m 
sample 
+ TD2 = {h2 / eL2} 
+ Krnag = {muO / (2 * W * W)} ;multiplier to calculate magnetic pressure 
+ Lfactor = {muO * len / W} 
.OPTIONS 
+ ABSTOL = lmA 
+ VNTOL= ImV 
; tolerance for current accuracy 
; tolerance for voltage accuracy 
+ RELTOL = le-6 ; error tolerance 
+ MU = 0.1 ; time step integration control, reduces oscillation due 
to numerical switching in Ksh 
* FlexPDE calculations of the central magnetic pressure field (for a transient * 
J distribution) show it fits a logarithmic form. 
* Putting y = h/W, the fit of the central magnetic pressure vs. separation h/W 
* is then: Pcenter / Pmax = -0.21641 *Ln(y) + 0.11853, 
* where Pmax = 0.5 ~o Jmean2• 
* L is multiplied by the factor corresponding to h/W in the Knoepfel book, 
Ksh; this was calculated using 
* Grover95.exe software. Putting x = h/W a polynomial was fitted to the 
data: 
* Ksh(x) = 0.99503 - x (1.47214 - x (3.87051 - x (8.92884- x (12.46538-
x * (9.06249 - 2.63349 x))))) 
* Error-O.OI% 
* Input voltage 
Ein In 2 VALUE = {V(L)} ; Ein = dldt(LI) 
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Vin 2 Rtn 0 ; measures input current 
* Input magnetic pressure = function only of input current, modified to 
account for plate separation 
Emag Pmag 0 VALUE={ {Kmag} * I(Vin) * I(Vin) * I(VPmod) } 
; P = muO/2 x (I/WY2 x reduction due to separation 
* Transmission line analogs to sample thicknesses 
Txl Pmag 1 00 TD={TDl} ZO={ZI} 
Tx2 Pmag 3 0 0 TD={TD2} ZO={Z2} 
* Dummy voltage generators to measure input current in Txl and Tx2 (i.e., 
Upl and Up2) 
VUpll00 
VUp2300 
* The particle velocity (Up) signals integrated with capacitor to get hi and h2 
FUplOhl Vupll;I=Upl 
FUp2 0 h2 Vup2 I ; I = Up2 
Chi hI 0 1 IC={hO/2}; allows for starting separation 
Ch2 h2 0 I IC={hO/2}; allows for starting separation 
Rhl hi 0 1G 
Rh2 h2 0 1G 
* h I and h2 added to get total plate separation h 
EhhO VALUE = {V(hl)+V(h2)} ;=h1+h2 
Gh 4 0 h 0 I ; converts V to I 
Vh 0 4 0 ; measures I = hi + h2 
* Get h/W for Knoepfel Ksh calculation 
EhWVhw 0 VALUE = {IF(V(h)<W,V(h)/w, WN(h»} ; =(hl+h2)/w. Uses 
Ksh(hiW) = 1 - Ksh(W/h) 
RhWVhwO I 
Ch W Vhw 0 I P ; numerical transient suppression 
* Get Ksh and equate it to a current in dummy voltage generator VKsh 
Esh Kshl 0 POLY(I) (VhW, 0) 0.99503 -1.472143.87051 -8.9288412.46538 -
9.062492.63349; good for h/W <= I 
GKsh 0 Ksh2 VALUE = { IF (V(h) <W, V(Kshl), I-V(Kshl» } ; Uses 
Ksh(hiW) = I - Ksh(W/h) 
VKsh Ksh2 0 0 ; current = Ksh 
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* Calculate reduction in central magnetic pressure due to plate separation 
* assumes transient, non-unifonu Js - see above. First get h/W. 
EhWI Phw 0 VALUE = {IF (V(h) <W, V(h)/w, I)} ; =(hl +h2)/w 
RhWPPhwO I 
ChWP Phw 0 Ip; numerical transient suppression 
GPmod 0 mod VALUE = {0.11853 -0.21641* LOG(V(PhW))} 
; GPmod is good for h/W <= I and W ~ 1.27 cm 
VPmodmodOO 
* Combine Ksh and h to get inductance x input current 
GL 0 L VALUE = { I(Vin) * I(Vh) * I(VKsh) } ; I = L*Ksh*Iin Lx LO 
{Lfactor} 
.ENDS ICE LOAD 
C.2 TOPSPICE simulation of LANL 4xl, 4" x 5", parallel plate, flux 
compression generator 
The TopSPICE library file used to simulate the FCG . 
. SUBCKT FCG4XI In Out Gnd 
+ PARAMS: 
+ Lnom = 265.9nH 
+ Rdiff = Ouohm 
+ Tstart = Os 
+ Rcrow = I uohm 
* 4xl, 4x5-in plate generator 
* Lookup table for relative values of plate FCG inductance, where L = 265.9 nH 
nominally 
EVfLfcg 0 TABLE {V(timebase)}= 
+ le-007 I 3e-007 0.995388 5e-007 0.989457 7e-007 0.98475 ge-007 0.978593 
l.le-006 0.972186 l.3e-006 0.966459 l.5e-006 0.960132 1.7e-006 0.952246 1.ge-006 
0.944249 +2.1e-006 0.936456 2.3e-006 0.927914 2.5e-006 0.917253 2.7e-006 
0.905542 2.ge-006 0.894927 3.le-006 0.883844 3.3e-006 0.871453 3.5e-006 
0.858439 3.7e-006 0.845261 3.ge-006 0.831719 +4.le-006 0.818492 4.3e-006 
0.804603 4.5e-006 0.790152 4.7e-006 0.775637 4.ge-006 0.762321 5.1e-006 0.74847 
5.3e-006 0.73408 5.5e-006 0.7189915.7e-006 0.704644 5.ge-006 0.690991 +6.le-006 
0.676877 6.3e-006 0.662963 6.5e-006 0.648758 6.7e-006 0.634634 6.ge-006 
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0.621153 7.1e-006 0.607716 7.3e-006 0.594624 7.5e-006 0.581158 7.7e-006 
0.568675 7.ge-006 0.555244 +8.1e-006 0.541961 8.3e-006 0.528357 8.5e-006 
0.516245 8.7e-006 0.502719 8.ge-006 0.487978 9.1e-006 0.473449 9.3e-006 
0.458927 9.5e-006 0.445161 9.7e-006 0.432244 9.ge-006 0.418991 +1.01e-005 
0.40537 1.03e-005 0.390255 1.05e-005 0.374601 1.07e-005 0.357465 1.0ge-005 
0.340512 1.11e-005 0.322347 1.13e-005 0.30335 1.15e-005 0.28308 1.17e-005 
0.262146 1.1ge-005 0.239835 +1.21e-005 0.21769 1.23e-005 0.196967 1.25e-005 
0.174898 1.27e-005 0.152301 1.2ge-005 0.132321 1.31e-005 0.115568 1.33e-005 
0.100279 1.35e-00S 0.0878339 1.37e-005 0.0760001 1.3ge-005 0.0665154 
+1.41e-005 0.0608709 1.43e-005 0.0559711 1.45e-005 0.0525715 1.47e-005 
0.0503744 1.4ge-005 0.0477944 1,0.0477944 GZERO 
.PARAM 
+ Rskin = {if(Rdiff < In, 250u, Rdiff) } 
because L table already accounts for most of R diff 
ignore calculations below 
I*+pi = {2 * asin(l)} ;items between 1* and *1 are commented out 
+ muO = {4e-7 * pi} 
+ len = {24 * 2.54%} ; Length = 24-in with ends (-60 cm) 
+ W = 12.7% ; Width 5-in (12.7 cm) 
+ sigma = {I I 45n} ; 6061 T6 conductivity 1 1(45 nohm.m) at 20 deg.C 
+ womega = {2 * pi * 4e4} ; approx freq of operation = 40 kHz 
+ delta = {sqrt ( 2 I (womega * sigma * muO))} 
skin depth d = 534 urn at 293K 
* High frequency diffusion, see for example Knoepfel, "Mag Flds,", p. 234: 
+ Lskin = {muO * len * delta I W} ; has been doubled for the two surfaces 
+ Rskin = {if(Rdiff < In, 2 * len I (W * delta * sigma), Rdiff) } 
again, doubled for the two surfaces = 809 uohm at 293 K 
* Note: Rskin = 2 x womega x Lskin 
*1 
* Revised Nov 2004 
* timebase function = linear ramp where V(time) = 1 x time 
Vtimebase timebase 0 PWL TDELAY={Tstart} (0,0 IMEG,IMEG) 
Rtime timebase 0 I G 
Rdiff In 1 {Rskin} 
Ein 12 VALUE={V(L)} ; generates dldt {U} 
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Vin20utO ; input current monitor 
GL Gnd L VALUE={V(Lfcg) * I(Vin)} ; generates V(L) 
Lx L Gnd {Lnom} 
* Closing switch to ground - to simulate input crowbar 
Xcbin In Gnd HECSW PARAMS: Tstart={Tstart} Ron={Rcrow} Rsnub=lOO 
* Closing switch to ground - to simulate output crowbar 
Xcbout Out Gnd HECSW PARAMS: Tstart={Tstart+l5us} Ron={Rskin} 
Rsnub=lOO 
.ENDS FCG4Xl 
G.2.] NETSPICE FCG Circuitfile 
Vtimebase timebase 0 PWL TDELAY={Tstart} (0,0 lK,lK) 
Rtime timebase 0 1 G 
Lx L 0 {Lnom} 
GL 0 L VALUE={V(Lfcg) * I(Vin)} 
Ein 1 2 VALUE={V(L)}; Ein = Iin x Lfcg 
Vin 2 out 0 
Lload out 0 {Lload} IC={Iseed} 
Xout 0 out HECSW PARAMS: Tstart={{Tstart}+l5us} Ron={Rskin} 
Rsnub=lOO 
Xin 0 in HECSW PARAMS: Tstart={Tstart} Ron={Rcrow} Rsnub=lOO 
RininO lp 
Rdiff in 1 {Rskin} 
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C.3 TOPSPICE model ofEFF 1100 
.SUBCKT EFFllOO Hi Lo 
+ PARAMS: 
* Nominal input parameters 
+ W = 6.35%m ; 6.35 cm 
+ Nteeth = 9 
+ Tstart = 0 
+ Lexpt = 41.3nH 
+ Lcomp = 3.5nH 
+ Ipk = 496.85kA 
+ SmallScale = 0 ; set this to 0 for cylindrical switches, I for small scale 
+ Radj = I ; Radj(ust) is resistance scale factor for cylindrical EFFs 
* Standard small scale EFF (based on EFF -41) using annealed AI. 1100 
* 04-May-04/May 06 
* Main model for 1100 AI. EFF . 
. PARAM 
* Parameters ofthe EFF-41 shot 
+ 141 = 496.85kA 
+ W41 = {2.54e-2 * 2.5} 
+ Gaps41 = 10 
+ J41 = {141 / W41 } 
+ Rpk41 = 203.2; mohm /gap in Icm width 
* Rpk is Eff-41 peak resistance at 38.47 MPa (78.27 kA/cm or 497 kA across 
* 6.35 cm) with 9 teeth (10 gaps). 
* We assume the resistance of 1100 scales like 6061-T6, i.e., by R-RO ohms = 
* 2.0416e-3 (P - PO)MPa. 
* This scaling is probably due to magnetic loading asymmetries that are peculiar 
* to the small scale EFF. Set Small Scale to 0 to turn off this scaling . 
. PARAM 
+ pi = {2 * asin(l)} 
+ muO = {4e-7 * pi} 
+ NomMPa = {SQR(J41) * rnuO * 5e-7} 
+ Jpk= {IF(abs(lpk-141» 10,lpk/W,J41)} 
+ PMPa = {SQR(Jpk) * rnuO * 5e-7} ; ~140 MPa for ICE-16 
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+ GScale = {W41 * (Nteeth + 1) I(Gaps41 * W)} 
; geometric scaling, (26/10) * (2.5 1 8 pi) = 0.259 for ICE-16 
+ Jfactor = { IF(SmallScale < 0.5, Radj, (1 - (2.0416m *(PMPa - NomMPa) 1 
Rpk41 ) ) )} ; current density factor 
+ Rfactor = {IF(Jfactor < Im, Im * GScale, Jfactor * GScale)} 
* timebase function for V2 = V2(Vtim) and V4 = V4(Vtim), Vtim = linear ramp 
* where V(time) = 1 x time 
Vtim timebase 0 PWL TDELA Y={Tstart} 0,0 IMEG,IMEG 
Rt timebase 0 1 G ; dummy load 
* RVC is a voltage controlled resistor = scaled EFF resistance, a function ofV3 = 
* Reff - the look-up table above. 
* Resultant resistance is Rnom * V3(t) 
XReffHi 1 30 RVC PARAMS: Rnom={Rfactor} 
* Controlling voltage V( 4) sets exponential approximation for change in 
inductance (reduction of Lexpt by compression). 
EVL 4 0 VALUE = {EXP(-V(timebase)/lu) - I} GZERO 
* L VC is a voltage controlled inductance, L=L(V) where values are tabulated and 
V4 = -{I - exp(-tltau)} 
XLeff12 4 0 LVC PARAMS: Lref={Lcomp*GScale} 
* effective series inductance 
Lout 2 Lo {Lexpt} 
* Lookup table for nominal resistance values of 2.5" wide x 9 teeth Teflon EFF, 
32 mi111 00 foil 
* Standard pattern of 1.5 x 6 x 12.7 mm. Controlling voltage = V(time) 
* Resistance is scaled by dimensions and current density. This is actually a table 
of volt ages for XReff 
EVR 30 TABLE {V(timebase)}= 
+0 -1.97672e-005 le-008 -0.000510522 3e-008 -0.00144889 5e-008 
-0.00200084 7e-008 -0.00209161 ge-008 -0.00233713 l.le-007 -0.00272459 
l.3e-007 -0.00218343 1.5e-007 -0.00203723 1.7e-007 -0.00218181 +1.ge-007 
-0.0020683 2.1e-007 -0.00197739 2.3e-007 -0.00197704 2.5e-007 -0.00169418 
2.7e-007 -0.00193689 2.ge-007 -0.00208532 3.1e-007 -0.00189225 3.3e-007 
-0.001605933.5e-007 -0.00180083.7e-007 -0.00179653 +3.ge-007 -0.00194319 
4.1e-007 -0.002185 4.3e-007 -0.00169652 4.5e-007 -0.00178947 4.7e-007 
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-0.00182884 4.ge-007 -0.00163699 5.le-007 -0.00196879 5.3e-007 -0.00172663 
5.5e-007 -0.00186733 5.7e-007 -0.00104169 +5.ge-007 -0.001438 6.le-007 
-0.00100441 6.3e-007 -0.0012462 6.5e-007 -0.00139739 6.7e-007 -0.00125302 
6.ge-007 -0.00149791 7.le-007 -0.00101083 7.3e-007 -0.0010577 7.5e-007 
-0.00164003 7.7e-007 -0.0013949 +7.ge-007 -0.00138682 8.le-007 -0.000998926 
8.3e-007 -0.00118919 8.5e-007 -0.00152657 8.7e-007 -0.00104128 8.ge-007 
-0.001231199.le-007 -0.001234589.3e-007 -0.0007597699.5e-007 -0.000897207 
9.7e-007 -0.00114107 +9.ge-007 -0.000806815 1.01e-006 -0.00109819 1.03e-006 
-0.000764002 1.05e-006 -0.000716496 1.07e-006 -0.000572939 1.0ge-006 
-0.000573128 l.l1e-006 -0.000995976 1. 13e-006 -0.000945678 1.15e-006 
-0.00108848 1.17e-006 -0.000604546 +1.1ge-006 -0.000744257 1.21e-006 
-0.000794325 1.23e-006 -0.000503563 1.25e-006 -0.000744129 1.27e-006 
-0.000410716 1.2ge-006 -0.000120355 l.31e-006 -0.000220537 l.33e-006 
-0.000461047 l.35e-006 8.77153e-006 l.37e-006 6.20177e-005 +1.3ge-006 
-0.000424536 1.41e-006 -0.000178068 1.43e-006 -0.000131149 1.45e-006 
-0.000564251 1.47e-006 -0.000460263 1.4ge-006 -3.03683e-005 1.51e-006 
-0.00031009 1.53e-006 -0.000309415 1.55e-006 -0.000402408 1.57e-006 
8.05958e-005 +1.5ge-006 -0.00021287 1.61e-006 -0.000352421 1.63e-006 
0.000123241 1.65e-006 -0.000120207 1.67e-006 -0.00011987 1.6ge-006 
1.96653 e-005 1.71 e-006 -2.75343e-005 1.73e-006 0.0005956 1.75e-006 
0.000162662 1.77e-006 -8.0704ge-005 +1.7ge-006 0.000595789 1.81e-006 
6.99935e-005 1.83e-006 1.96492e-005 1.85e-006 0.000170339 1.87e-006 
0.000170012 1.8ge-006 0.000371061 1.91e-006 0.000510587 1.93e-006 
0.000374295 1.95e-006 0.000896784 1.97e-006 0.000896856 +1.9ge-006 
0.0007542462.01e-006 0.0009865362.03e-006 0.001126452.05e-006 0.00131957 
2.07e-006 0.000990107 2.0ge-006 0.00161325 2.11e-006 0.00103677 2.l3e-006 
0.00166352.l5e-006 0.001764162.17e-006 0.0018148 +2.lge-006 0.00196576 
2.21e-006 0.00229633 2.23e-006 0.00288117 2.25e-006 0.0028827 2.27e-006 
0.00313005 2.2ge-006 0.00385622 2.31e-006 0.0040479 2.33e-006 0.00467519 
2.35e-006 0.00511182 2.37e-006 0.00530832 +2.3ge-006 0.00609178 2.41e-006 
0.00628561 2.43e-006 0.00696967 2.45e-006 0.00761207 2.47e-006 0.00853767 
2.4ge-006 0.00927417 2.51e-006 0.00973127 2.53e-006 0.0107209 2.55e-006 
0.0116646 2.57e-006 0.01271 +2.5ge-006 0.0140461 2.61e-006 0.0150492 
2.63e-006 0.0163045 2.65e-006 0.0172246 2.67e-006 0.0189196 2.6ge-006 
316 
Appendix C TOPSPICE code input decks 
0.02049552.71e-006 0.0218713 2.73e-006 0.023162.75e-006 0.02486122.77e-006 
0.0265709 +2.7ge-006 0.0284459 2.81e-006 0.0298914 2.83e-006 0.0319997 
2.85e-006 0.0335789 2.87e-006 0.0356762 2.8ge-006 0.0376983 2.91e-006 
0.0390741 2.93e-006 0.0414518 2.95e-006 0.0433846 2.97e-006 0.0456556 
+2.9ge-006 0.0476503 3.01e-006 0.0495695 3.03e-006 0.0517232 3.05e-006 
0.0550179 3.07e-006 0.0577329 3.0ge-006 0.0621442 3.11e-006 0.0633042 
3.13e-006 0.0653298 3.15e-006 0.0688788 3.17e-006 0.0709232 +3.1ge-006 
0.0732537 3.21e-006 0.0754932 3.23e-006 0.0776232 3.25e-006 0.0796911 
3.27e-006 0.0819143 3.2ge-006 0.0843065 3.31e-006 0.0863521 3.33e-006 
0.088496 3.35e-006 0.0907071 3.37e-006 0.0930439 +3.3ge-006 0.0953215 
3.41e-006 0.0968903 3.43e-006 0.0993448 3.45e-006 0.102278 3.47e-006 
0.1045123.4ge-006 0.1063993.51e-006 0.109572 3.53e-006 0.111121 3.55e-006 
0.1147093.57e-006 0.11735 +3.5ge-006 0.1206223.61e-006 0.1236973.63e-006 
0.12605 3.65e-006 0.130112 3.67e-006 0.133007 3.6ge-006 0.136018 3.71e-006 
0.140641 3.73e-006 0.143943.75e-006 0.1467873.77e-006 0.150306 +3.7ge-006 
0.1545683.81e-006 0.1579583.83e-006 0.161831 3.85e-006 0.1661793.87e-006 
O.l690873.8ge-006 O.l730543.91e-006 0.1768373.93e-006 0.18168 3.95e-006 
0.1851843.97e-006 0.190511 +3.9ge-006 O.l947674.01e-006 0.1992384.03e-006 
0.203522 4.05e-006 0.206861 4.07e-006 0.212883 4.0ge-006 0.2180974.11e-006 
0.2220054.13e-006 0.2262154.15e-006 0.2304534.17e-006 0.236379 +4.1ge-006 
0.2403364.21e-006 0.244151 4.23e-006 0.247541 4.25e-006 0.254511 4.27e-006 
0.261831 4.2ge-006 0.271139 4.31e-006 0.278909 4.33e-006 0.287547 4.35e-006 
0.2960614.37e-006 0.301932 +4.3ge-006 0.3063434.41e-006 0.3111594.43e-006 
0.3136694.45e-006 0.3164424.47e-006 0.316851 4.4ge-006 0.3137354.51e-006 
0.3046394.53e-006 0.2961064.55e-006 0.2878144.57e-006 0.278181 +4.5ge-006 
0.2686464.61e-006 0.2599974.63e-006 0.2511764.65e-006 0.235641 4.67e-006 
0.2282644.6ge-006 0.2234764.71e-006 0.2180364.73e-006 0.214332 4.75e-006 
0.208201 4.77e-006 0.203784 +4.7ge-006 0.199484.81e-006 0.1937034.83e-006 
0.1907194.85e-006 0.1860744.87e-006 0.183511 4.8ge-006 O.l689144.91e-006 
0.1531974.93e-006 0.1495054.95e-006 0.1481024.97e-006 0.140846 +4.9ge-006 
0.138586 5.01e-006 0.138731 5.03e-006 0.137631 5.05e-006 0.134853 5.07e-006 
0.13337 5.0ge-006 0.131441 5.11e-006 0.132529 5.13e-006 0.129641 5.15e-006 
0.1284255.17e-006 0.126546 +5.1ge-006 0.1269235.21e-006 0.1264335.23e-006 
0.12252 5.25e-006 0.12023 5.27e-006 0.123859 5.2ge-006 0.123089 5.31e-006 
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0.1210965.33e-006 0.1205825.35e-006 0.1227495.37e-006 0.121455 +5.3ge-006 
0.119701 5.41e-006 0.1201275.43e-006 0.1194885.45e-006 0.1192375.47e-006 
0.1196495.4ge-006 0.115643 5.51e-006 0.1151565.53e-006 0.l16581 5.55e-006 
0.1154915.57e-006 0.111376 +5.5ge-006 0.1122585.61e-006 0.l10833 5.63e-006 
0.1063245.65e-006 0.1105525.67e-006 0.1124555.6ge-006 0.l128895.71e-006 
0.1133755.73e-006 0.1085285.75e-006 0.1l381 5.77e-006 0.111447 +5.7ge-006 
0.1098585.81e-006 0.1114415.83e-006 0.1060685.85e-006 0.l073465.87e-006 
0.1045965.8ge-006 0.1021595.91e-006 0.l02635 5.93e-006 0.098l328 5.95e-006 
0.1029975.97e-006 0.099002 +5.9ge-006 0.l022576.01e-006 0.l02656.03e-006 
O.l 06262 6.05e-006 0.105088 6.07e-006 0.104391 6.0ge-006 O.l 04243 6.l1e-006 
0.l058686.l3e-006 0.1118376.15e-006 0.l081576.l7e-006 0.l13246 +6.lge-006 
0.l040556.21e-006 0.l083746.23e-006 0.1069356.25e-006 0.100743 6.27e-006 
0.l07246.2ge-006 0.109189 6.31e-006 0.l08021 6.33e-006 0.1l3l31 6.35e-006 
0.l1145 6.37e-006 0.l11239 +6.3ge-006 0.122248 6.41e-006 0.117956 6.43e-006 
0.l09172 6.45e-006 0.110901 6.47e-006 0.1140396.4ge-006 0.1148386.51e-006 
0.l074376.53e-006 0.l07896.55e-006 0.l055l3 6.57e-006 0.l08268 +6.5ge-006 
0.l15634 6.61e-006 0.111808 6.63e-006 O.l 08855 6.65e-006 0.116627 6.67e-006 
0.l093566.6ge-006 0.l088956.71e-006 0.110l366.73e-006 0.113061 6.75e-006 
0.1l35356.77e-006 0.109754 +6.7ge-006 0.1191256.81e-006 0.1118196.83e-006 
0.11 0 l38 6.85e-006 0.116006 6.87e-006 0.117456 6.8ge-006 0.113834 6.91 e-006 
0.l1883 6.93e-006 0.l195976.95e-006 0.l196496.97e-006 0.l16987 +6.9ge-006 
0.l191047.01e-006 0.l203037.03e-006 0.1198l3 7.05e-006 0.l28503 7.07e-006 
0.l26261 7.0ge-006 0.128717 7.11e-006 0.l31955 7.l3e-006 0.l3411 7.l5e-006 
0.l323047.l7e-006 0.l36285 +7.1ge-006 0.l29447.21e-006 0.l35161 7.23e-006 
0.l411647.25e-006 0.l380547.27e-006 0.l40l37 7.2ge-006 0.l4118 7.31e-006 
0.l393017.33e-006 0.1479347.35e-006 0.l421877.37e-006 0.147111 +7.3ge-006 
0.1532547.41e-006 0.l528097.43e-006 0.1545767.45e-006 0.l539697.47e-006 
0.l520357.4ge-006 0.l52077 7.51e-006 0.1600187.53e-006 0.l47415 7.55e-006 
0.1472557.57e-006 0.150501 +7.5ge-006 0.l466327.61e-006 0.l440747.63e-006 
0.l427827.65e-006 0.l513197.67e-006 0.1478187.6ge-006 0.l50483 7.71e-006 
0.1484417.73e-006 0.l373067.75e-006 0.l385937.77e-006 0.l38515 +7.7ge-006 
0.1345767.81e-006 0.l32997.83e-006 0.148275 7.85e-006 0.142604 7.87e-006 
0.l316087.8ge-006 0.l36261 7.91e-006 0.l330527.93e-006 0.l309847.95e-006 
0.l398847.97e-006 0.l2982 +7.9ge-006 0.l375588.01e-006 0.1235528.03e-006 
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0.131443 8.05e-006 0.134149 8.07e-006 0.13523 8.0ge-006 0.1293448.11e-006 
0.1345448.13e-006 0.136771 8.15e-006 0.1274888.17e-006 0.130982 +8.1ge-006 
0.141705 8.21e-006 0.148196 8.23e-006 0.14729 8.25e-006 0.140352 8.27e-006 
0.1438068.2ge-006 0.1385148.31e-006 0.1408588.33e-006 0.1447628.35e-006 
0.135248 8.37e-006 0.14065 +8.3ge-006 0.147727 8.41e-006 0.155003 8.43e-006 
0.157796 8.45e-006 0.146423 8.47e-006 0.145822 8.4ge-006 0.15789 8.51e-006 
0.1553888.53e-006 0.1596438.55e-006 0.1505648.57e-006 0.149587 +8.5ge-006 
0.151805 8.61e-006 0.152711 8.63e-006 0.146767 8.65e-006 0.152846 8.67e-006 
0.145492 8.6ge-006 0.161801 8.71e-006 0.145797 8.73e-006 0.155214 8.75e-006 
0.1426278.77e-006 0.150397 +8.7ge-006 0.160381 8.81e-006 0.1488538.83e-006 
0.149642 8.85e-006 0.145107 8.87e-006 0.160257 8.8ge-006 0.148967 8.91e-006 
0.1440368.93e-006 0.1539498.95e-006 0.152671 8.97e-006 0.153417 +8.9ge-006 
0.1448189.01e-006 0.1586299.03e-006 0.1406199.05e-006 0.152961 9.07e-006 
0.142288 9.0ge-006 0.154492 9.11e-006 0.153373 9.13e-006 0.146702 9.15e-006 
0.1530499.17e-006 0.159374 +9.1ge-006 0.154429.21e-006 0.1684049.23e-006 
0.1669279.25e-006 0.1596149.27e-006 0.164391 9.2ge-006 0.1629839.31e-006 
0.1613879.33e-006 0.1581959.35e-006 0.1770559.37e-006 0.173619 +9.3ge-006 
0.1707799.41e-006 0.1798249.43e-006 0.1912389.45e-006 0.1717219.47e-006 
0.186823 9.4ge-006 0.181446 9.51e-006 0.195126 9.53e-006 0.183641 9.55e-006 
0.1881859.57e-006 0.18895 +9.5ge-006 0.183272 9.61e-006 0.1949259.63e-006 
0.20209 9.65e-006 0.17956 9.67e-006 0.191588 9.6ge-006 0.181614 9.71e-006 
0.1897679.73e-006 0.1864289.75e-006 0.1763949.77e-006 0.208806 +9.7ge-006 
0.201517 9.81e-006 0.194082 9.83e-006 0.211388 9.85e-006 0.182852 9.87e-006 
0.197961 9.8ge-006 0.208912 9.91e-006 0.21736 9.93e-006 0.206646 9.95e-006 
0.195999.97e-006 0.199317 +9.9ge-006 0.19631 1.001e-005 0.2267531.051e-005 
0.263019 1.l01e-005 0.340714 1.151e-005 0.402462 1.201e-005 0.466384 
1.251e-005 0.543288 1.301e-005 0.60883 l.303e-005 0.652374 l.351e-005 
0.716944 +l.401e-005 0.842241.451e-005 0.859903 l.5e-005 1.06661 5e-5 100 
GZERO ; artificial end point 
.ENDS EFF1100 
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C.4 TOPSPICE model of poly imide and Procyon switches, XHEJETSW 
.SUBCKT HEJETSW Hi Lo 
; This simulates the Procyon and polyimide closing switches 
+PARAMS: 
+ Lin= O.lnH 
; inherent inductance. Use 1 nH for Procyon, 0.1 nH for polyimide 
+ Rin = 100uohm 
; inherent resistance. Use 1 mohm for Procyon, 0.1 mohm for polyimide 
+ Ebrk = 275MegV/m 
; dielectric strength of Mylar or polyimide. 
; Use 180 MVlm for Procyon, 275 MV/m for polyimide 
+ JetVel = 6.200kmls 
; jet or shock penetration velocity, rnIs. 
; Use 1 kmIs for Procyon, 6.2 kmIs for polyimide 
+ thick = 1.0mm 
; insulation thickness. Use 1.5 mm for Procyon, 1.0 mm for polyimide 
+ Tstart = 0 ; firing time of switch detonator, secs 
+ Tdelay= 0 
; delay from firing det before jet starts. Use 2 I1S for Procyon, 0 s for polyimide 
+ Vbrk = {Ebrk * thick} 
+ dVdt = {Ebrk * JetVel} 
+ Tdmp = 2ns 
+ Cdmp = 100pF 
+ Rdmp = {Tdmp/Cdmp} 
+ Csnub = InF ; simulated transmission line capacitance 
+ Rsnub = 1 ohm; optional snubber to suppress transients 
.MODEL SWJET VSWITCH (RON={Rin} ROFF=IG VON=IV VOFF=O) 
.MODEL SWl VSWITCH (RON=1 ROFF=IG VON=IV VOFF=O) 
Lin hi 5 {Lin} ; input inductance 
Rin 5 1 {Rin} ; input resistance 
Cin hi 4 100pF ; input damping across Lin & Rin 
RCin 4 1 100hm 
EVbkn control 10 VALUE = { ABS(V(hi,lo» - (Vbrk - V(timebase,lo) *dV dt)}; 
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Vttimebaselo PWL TD= {Tstart+Tdelay} 0,0 1 Meg, 1 Meg 
Rt timebase 10 1 Gohm 
SI 110210 SWJET 
; main switch which is controlled by the time varying breakdown voltage bkdn 
Rdmp 2 control {Rdmp} ; reduces computational instabilities on transients 
Cdmp 2 10 {Cdmp} 
Vlatch 3 10 IMegV 
Slatch 2 3 2 10 SWl 
.ENDS HEJETSW 
; Vlatch and Slatch simulate irreversible breakdown 
321 
AppendixC TOPSPICE code input decks 
References 
[1] A generic SPICE circuit code, TopSPICE/win32 v7.0 circuit code, Penzar 
Development, P.O. Box 10358, Canoga Park, CA 91309, U.S.A. 
322 
APPENDIX 
D 
GENERAL EXPERIMENTAL DETAILS 
This appendix describes the various diagnostic systems and techniques used in an 
HEPP-ICE experiment. The descriptions of the Faraday current probes and the 
VISAR velocimeter are brief, because they already have a significant body of 
references in the open literature; these are provided. The timing synchronization, the 
Rogowski coils, copper sulfate voltage probes, and the single-point grounding system 
are described in more detail. 
D.I Faradays rotation probes 
The Faraday rotation probes used in this study utilize the Faraday rotation of the 
optical plane of polarization in 50-)lm Coming Flexcore glass fibers [1-3]. The fibers 
were irradiated by laser diodes operating in the range of 826 to 830 nm, and were 
twisted prior to use to minimize birefringence. 
The principle is simple for both the Faraday rotation probes and the Rogowski 
coils described later. Using Ampere's circuital law 
4B.dl = f.lo fJ·da (D-I) 
, 
That is, the line integral of B around a closed path enclosing a conductor is 
exactly equal to the product of the magnetic permeability of the space enclosed (which 
is usually that of a vacuum Po) and the total current in the conductor, where J is the 
current density in the conductor and da is an element of area. The rotation of 
polarization in the fibers is directly proportional to the integral of B.dl, so the so-
called "Faradays" measure current directly. 
Note that Ampere's law only requires a closed loop; the fiber may follow an 
irregular path around the conductor to be measured without any compromise of 
accuracy. Consequently, when the glass fiber makes one exact complete circuit 
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around a current, i.e., 21t radians, the total rotation of the polarization is a function 
only of the enclosed current. 
The Verdet constant relates the rotation to the enclosed current. This was 
measured by the National Institute of Standards and Technology to be 2.65 ± 0.03 
rad/MA at 826.0 ± 0.5 nm (with corrections for departures from this frequency). This 
translates to approximately 1.2 fringes per MA, so the technique is relatively 
insensitive and best suited to high current applications. The fibers were wrapped 
around the conductors of interest at any desired radius, usually in one exact fuIl circle, 
although multiple wraps have been used in some applications for higher sensitivity. 
In a typical ICE experiment, eight fibers were used at different locations to 
measure various currents around the circuit; some were used in pairs for redundancy 
of data, others were used singly. The fibers are sensitive to mechanical shocks, so 
great care was taken to keep them away from the explosive components of the HEPP-
ICE system. 
D.l.l Highfrequency response 
The high frequency response of a Faraday probe is limited by its length and its 
optical receiver bandwidth. A typical Faraday probe might have a length of 2 m and, 
as the speed of light is -200 Mm/s, the fiber is traversed in IOns; the mean fib er 
transit time would thus be 5 ns. The optical receivers have a bandwidth of 100 MHz 
[4], i.e., a response time of -3.5 ns for a single-pole response. The overall response 
time is therefore limited more by the fiber length than the receiver response, and 5 to 
IOns response times are typical; this is comparable to the response time of the 
Rogowski coils, see D.4.4. 
Overall, the Faraday probes are more accurate but have comparable speed to the 
Rogowski coils. They are, however, more expensive to use than Rogowski coils 
because of the expensive optical instrumentation needed and the fact that they are 
labor intensive, i.e., they require many man-hours to build and operate them, and 
many hours to deconvolve the data. Consequently, Faraday probes are only used on 
the more expensive and important experiments. 
0.1. I. I Faraday Acknowledgements 
The hardware for the Faraday rotation system in this study was developed by John 
Stokes and Leonard Tabaka (P-22, LANL). The deconvolution algorithm was written 
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as macros for the Igor [5] package and was also developed in P-22. Leonard Tabaka 
and Henn (Hank) Oona (DE-9, LANL) fielded the Faraday system in each HEPP-ICE 
experiment, and Oona deconvolved the Faraday signals to obtain the current data with 
the Igor macros. 
D.2 VISAR 
The VISAR system is a laser velocimeter which essentially measures the velocity 
of the target from the Doppler shift of monochromatic laser light reflected from its 
surface [6,7]. A very interesting account by Lynn Barker of how he invented and 
perfected the VISAR system can be found in Reference [8]. 
D.2.1 VISAR Acknowledgements 
The VISARs used in this study were all of the push-pull design invented by 
Willard Hemsing (DX-3, LANL) [9]. The system used for the first set of experiments 
was a 12-point system built and operated by Hemsing and Mike Shinas (DX-3, 
LANL). The later experiments used a four-point system built and operated by the 
LANL DE-9 shock physics team, led by Paulo Rigg, and various members of the team 
deconvolved the VISAR signals to obtain the required velocity data. The team 
included Rigg, Darcie Dennis-Koeller, Brian Jensen, Frank Abeyta and Max Winkler. 
D.3 Common timing 
To understand and optimize the perfonnance of the HEPP-ICE system, it is 
important to synchronize the electrical data as closely as possible. In a typical 
experiment there may be 15 independent data lines of various lengths going to many 
different digitizer oscilloscopes. To synchronize these data lines, a "common timing" 
experiment was made prior to each ICE experiment. 
The cables for each electrical signal were laid in place ready for the experiment 
and connected as they would be for the experiment. The end of each cable adjacent to 
the experiment was connected to a fan-out, which is a device for coupling the same 
input signal to all data lines simultaneously (within 2 ps) and in parallel. 
A fast rising voltage pulse «5 ns risetime) was then input to the fan-out and the 
data were recorded on the digitizers as they would be for the experiment. Finally, the 
time for each signal to reach the same magnitude was read from each of the digitizers. 
The differences between these times and the system trigger time were recorded, and 
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these timing data were subsequently added to the data recorded on the HEPP-I CE 
experiment. In thi s way, the data were synchroni zed to within Ins. 
D.3. 1 Future improvements to synchronizationJor optical data 
To improve the synchroni za ti on of the data, it would be benefi cia l to develop an 
optica l common timing system for both the Faraday rotati on probes and the VISAR 
system. (The VISAR signal s are accurately synchroni zed to each oth er, but there is 
presentl y no way to synchroni ze them with the other data.) 
D.4 Rogowski coils 
The physics of these coil s is based on Ampere ' s circuita l law, as a re the Faraday 
rotation probes described in D. I [1 0]. The coi ls are toroidal windings that are looped 
around the conductors to be moni tored. The mutual inductance between the conductor 
and the toroidal winding is used to measure the current in the conductor. 
D.4. 1 Rogowski construction 
The Rogowski coils were made in-house at the HEPP-I CE firing fac ilities (Los 
Alamos, TA-39). The coil constructi on IS shown before it is looped around a 
s 
RG-223 
Helix S conductor in Fig ure D-I . The 
braid of a conventional coax ial 
cable, in thi s case RG-223, is 
stripped away to expose its 
insulating core. The length of 
Figure D-\. Constructi on of a Rogowski co il. S the core corresponds to the 
represents two solder points on the ends of the heli x 
and CC is the center conductor of the RG-223 coax ial desired circumfe rence o f the 
cable. 
Rogowski when it is eventuall y 
looped around the conductor to be measured . As is di scussed below, to avoid fi eld 
di vergence errors, the diame ter of the loop should ideally be several orders o f 
magnitude larger thall that of the center core. A heli x of thin w ire is then snugly 
wound by hand around the insul ating core as shown, and its ends are soldered to the 
center conductor o f the cable and the outer bra id (the outer insulati on of the cab le is 
not shown). The pitch of the heli x is carefull y controll ed to make it as uniform as 
poss ible. When the winding and so ldering are completed, the exposed heli x is 
insulated with several layers of heat-shrink insulation . The completed cable is then 
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looped around the conductor to be measured, so that the two ends of the helix (marked 
S in the figure) are exactl y a li gned and the heli x has thus been looped through 211 
radians. 
Each probe was connected to another RG 223 cable and terminated into 500 at 
the digitizer-end of the cable. The output of these probes is proporti onal to dIldr, i.e ., 
V = M dlldr, where M is the mutual inductance between the probe and the circuit 
carrying the current I. 
Over the course of all the HEPP-I CE experiments, two vari ati ons of the Rogowski 
coi l design were used: one was 91.4 cm (36 inches) long, wound with a winding pitch 
of 2 turns per inch (tpi"); the other 1.52 m long (60 inches) with a pitch of 0.5 tpi. The 
helix was wound with 36 A WG tinned copper wire. The Rogowskis were always 
dep loyed in pairs, with the two coi ls being wrapped in oppos ite directions to cance l 
capac iti ve pickup effects [ 11 ). The pairing of the coil s also prov ided a check of data 
2r 
Figure 0-2. Geometry or the Rogowski coil. 
quality, as we ll as redundancy - in 
case one coi l should fail. 
D. 4. 2 Field divergence effecrs in 
Rogowski coils 
The basic theory of the 
Rogowski coi l is covered in the 
literature [10] but it is reviewed 
here so that the effects of field 
divergence and diffusion can be 
understood. The co il is shown as a 
toro id for simplicity in Figure 0-2 
but it is really a loop tenn inated by 
a coaxia l cable, as described above. 
Throughout this analys is, it is assumed that no significan t current flows in the 
Rogowski, i.e., the co il is terminated by a large enough res istance that the magnetic 
fie lds generated by the currents in the coi l are negligible. A 50-0 tellll ination is 
sufficient for this purpose . 
• I turn per inch = 39.37 tums per meter. 
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Consider the coil wound on the coaxia l cab le core of radius r, and the loop forms 
a circle of mean radius R. If the conductor within the loop carri es a current I in to the 
paper, the magnitude of the az imuthal, clockwise magnetic fie ld induced by that 
current on the mean radius is 
I 
B = 110--=' 2l!R 
If we assume that the magnetic field does 
not diverge across the core, i.e., R» r , then the flu x C/J traversi ng one turn of the 
I I· . I f I . B Ir' S I I . d . le IX IS t le area 0 t le core times or cD = Po ~. 0, t le vo tage 111 uced 111 11 turns 
2R 
of the he li x is V I1Por' dl , dJ h . I . I f I I I' . = - -_--- = l! ppor- - were p IS t le PltC lot le le IX 111 tums per 
2R dt dt 
unit di stance. Therefore, the mutual inductance between the Rogowski coil and the 
center conductor is 
M - '/ PIU' o - f" 0 (0-2) 
This is the classic equation for the mutual inductance (sensit ivi ty) of a Rogowski 
coil. It is usuall y a good approximation to 
Helix 
R 
Conductor 
Figure D-3. The magnetic field in the cross-
secti on of Ihe helix as created by the 
conductor carry ing a current I at the bottom. 
(The center return conductor has been 
omitted for clarity.) 
the true va lue, if the mea n radius R i 
relati ve ly large or if the co il is placed 
along the surface of a parallel plate 
transmiss ion line (di scussed in section 
0.4.6). Note that at first glance it appea rs 
that M is independent of R, but that is not 
true if we consider the case where the 
mean radi us is not orders of magnitllde 
greater than r. The magneti c flu x lin ki ng 
one turn is the integral of the B-field times 
every increment or area across the cross-
section of the helix, see Figure D-3 . 
Clea rly, in the scale of the figure, the 
magnetic fi eld induced at the bottom of 
the heli x by the current in the conductor, 
wi ll be signifi cantly larger than that at the top. The total fl ux <I) in the cross-section of 
the he l ix is then 
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( R-R ) where B = acos I __ ,-. -' 
The limits R, and Rl are shown as the ilmer and outer radii in Figure 0-2 . The 
equation can be solved by numeri ca l integrati on, e.g. , us ing Gauss ' s law, and thi s was 
done by the author [12]. 
The fie ld di vergence effects are obviously reduced as r/R is reduced . The 
diameter of an RG-223 core is 2.9464 mm whereas the diameter of a Faraday fiber is 
1.045 
1.04 MIMO 
1.035 
1.03 
1.025 
1.02 
1.015 
1.01 
1.005 
0 0.01 0.02 
rlR 
0.03 0.04 
onl y 50 flm . So Faraday fibers are 
less sensiti ve to thi s effect. The 
results are summari zed in Figure 0-
4, which shows the relati ve mutual 
inductance M/Mo versus the ratio of 
the rad ii (i.e., the he lix radius r to 
the radi us fro m the conductor R). 
0.05 Mo is the mutual inductance defined 
Figure D-4. Relative mutual inductance versus ratio by Equation (0 -2). The 
of radii. 
re lationship can be approx imate ly 
filled to a straight lin e: 
M r 
- = 1+ 0.9 - . 
Mo R 
As can be seen, this is a small effect. For an RG-223 cab le core bent into a c ircle 
of 30 cm diameter, the error is less than I %. For increased accuracy it is tempting to 
use smaller diameter coax ia l cables, e.g. , RG- 174 has a 1.524-mm diameter core, but 
it is more diffi cult to wind tight heli ces of wire on smaller cores - which leads to 
inaccuracies in the radius of the heli x - and by ha lving the di ame ter the signa l 
magnitude is reduced by foul". 
0.4.2. 1 Problems with Rogowsk is co ils wou nd on RG 174 cores 
It should be noted that the center core of the RG 174 cab le sold 111 the US is 
commonly made with a copper-plated iron core. This iron core in troduces errors in 
the measurement of d//dt because its relati ve permeability, 1', is greater than uni ty 
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until the core saturates. A pure copper core version of RG 174 is available, and this 
must be used for Rogowski coil applications. 
D.4.3 Field cancellation by the return conductor 
The helix is sensitive to two field components, the first being the azimuthal 
component described above. The second is the field interaction with the radial loop in 
the plane of the central axis of the helix, and this is a circle with a radius equal to R. 
This second loop is sensitive to external longitudinal magnetic fields that are 
perpendicular to the paper. Returning to Figure D-2, note that the return conductor 
forms a loop of its own, and it has the same radius R as the effective loop.of the helix. 
This is a clever feature of the Rogowski coil, the return conductor cancels the pickup 
from the second field component. However, this does affect the high frequency 
performance due to magnetic diffusion effects, see D.4.4. 
D.4.4 Highfrequencyeffects includingfield diffusion in Rogowski coils 
Returning to Figure D-2, the return conductor that is used to cancel the 
longitudinal field excludes azimuthal magnetic flux from the center of the helix at 
high frequencies. When it does so, it reduces the effective diameter of the helix. The 
sensitivity of the Rogowski coil is therefore sensitive to the skin effect in the return 
conductor. 
This effect is also calculated [12] to determine the frequency response of the 
Rogowski coil. In fact, the Grover.exe software provides a number of other 
calculations, including the capacitance and resonance of the helix - which determines 
its high frequency response, see Figure D-5. 
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There is a difference in the high frequency response of the Faraday and Rogowsk i 
probes due to diffusion effects in the conductors of the Rogowski coil s. For example, 
an RG-223 cable of - 1.5 m length will lose - 8% of its sens itivity at high frequencies , 
starting at - 25 kH z, see Figure 0-5 . The sens itivity then stab ili zes at higher 
frequencies, and it is ultimate ly limited by the transmission line characteristics of the 
helix and skin effect res istances. The example shown in Figure 0-5 resonates at 
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Figure D-5 . Screen capture of the Grover.exc software showing the various calculations for a 
Rogowski coi l. 
20.2 MHz, and because the impedance of the helical transmission line is 1530 and 
mismatched to the 50-0 cable it wi ll ring with a period of 15.7 ns. 
D.4.5 Rogowski calibration 
The coil s were calibrated (to obta in M) for these experiments, but this ca libration 
was done for quality control rather than abso lute accuracy. Thi s was because the 
calibration apparatus had a different geometty to that of the HEPP-ICE experi ment; 
the calibration apparatus used a cy lindrical rod as a conductor whereas a parallel plate 
transmiss ion line was used in the experiment. Errors were introduced during and after 
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calibration by the different probe placement, i.e., field divergence. It has been found 
from experience that their sensitivities usually agreed with calculated values to within 
1 %, which is better than the calibration accuracy. Moreover, in these large 
experiments we fielded Faraday rotation probes, described above, in parallel with the 
Rogowskis; these Faraday probes were considered accurate to within 'i2%. Here we 
found that the Faraday and Rogowski data usually agreed to within a few percent, i.e., 
after the Rogowski data have been integrated. 
D.4.6 Rogowski coils in parallel plate transmission lines 
When used in the HEPP-ICE apparatus, several of the Rogowski coils were 
inserted within grooves in the parallel plate transmission line. These plates were 
60 cm wide and separated by -750 /lm of insulation. Under these conditions the 
magnetic field is B = lloJ , where J is the linear current density in amperes/meter, and 
it is uniform across the helix of the Rogowski coil, see Chapter 2. Consequently, the 
sensitivity of the Rogowski coil is M = lloPffr' , where p is the winding pitch and n:l 
is the cross-sectional area of the helix. This equation is identical to (D-2) for the 
sensitivity of the coil looped around a small conductor, where R» r . This may 
explain why the calculated sensitivity is usually so close to the value predicted by 
(D-2), i.e., because divergence effects are minimized in a parallel plate configuration. 
The one disadvantage of placing the Rogowski coil in a slot in the transmission 
plates is there is a large capacitance between the plate and the coil. Here the 
Rogowskis are always placed in the transmission plate closest to ground, i.e., near the 
lowest voltage, and two coils are used in parallel to cancel the capacitive pickup 
effects. 
D.4.7 Rogowski data - attenuation 
Typically the Rogowski signals were too large to be recorded directly on transient 
digitizers and had to be attenuated; usually by a factor of -10. Prior to every HEPP-
ICE shot, each channel of every digitizer that the attenuator was connected to, was 
calibrated by injecting a known voltage into the input and measuring the resultant 
digitizer waveforms. Calibrations were good to within a 0.1 % error. 
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D.4.8 Rogowski data integration 
The Rogowski coils measure dlldt so the data must be integrated to obtain the 
current. Two integration methods were used in parallel: electronic integration; and 
numerical integration. The two methods are complementary; the deficiencies of the 
one are compensated for by the other. 
D.4.9 Electronic integration of Rogowski data and droop correction 
Electronic integration is performed by the conventional series capacitor (C)-
resistor (R) pair; the integrated output was measured across the capacitor, Vc(t). 
Before each shot series, every RC integrator pair is calibrated to within 0.01% 
accuracy on a Hewlett Packard HP 4192A LF Impedance Analyzer. 
If the input to the integrator is Vi(t) and the circuit current is /, then according to 
Kirchhoff's second law 
V,(t) = iR + Yc fi.dt (D-3) 
The solution of (D-3) is v,,(t) = YcR fV,(t).dt.e-1ICR • Ideally, the exponential 
term would be close to unity and the output signal would become 
approximately YcR f V, (t).dt. The departure from unity represents an error called the 
integrator droop; provided that CR » t it can be often be ignored. Otherwise, 
corrections are made as explained next. 
D.4.10 Droop correction of electronically integrated data 
The droop error is corrected as follows. We know the output voltage 
v,,(t) = Yc f i .dt and by combining that with (D-3), then integrating both sides, we 
obtain fV,(t).dt = CR· {v,,(t) + YcR fv,,(t).dt}. The second term in the parenthesis is 
known and it represents the droop; by adding it to the measured voltage we correct the 
error. 
This electronic integration has several advantages. First, the low frequency 
components of the data are accurate; they do not depend on the bin noise problems of 
the digitizers, as do the numerically integrated data discussed below. Second, the 
electronically integrated signal magnitude is easy to predict, unlike the dlldt signature, 
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because current risetimes can be much more variable than current magnitudes. In the 
HEPP-ICE experiments we can often make a good estimate for dlldt; but, if we 
underestimate we can lose data when the digitizers saturate. To avoid this we always 
record the dlldt data on parallel digitizer channels; each channel being set to a 
successively lower sensitivity, i.e., "bracketing." 
However, the electronically integrated signal has a poorer high frequency 
response and several orders of magnitude lower signal amplitude than the dlldt data. 
This means that in the unlikely event that there is a ground loop, the electronically 
integrated data can be swamped by electrical noise. 
D.4.11 Numerical integration of Rogowski data and baseline error 
In this instance, the digitized dlldt data are integrated numerically usmg a 
trapezoidal approximation algorithm. However, there is a systematic error caused by 
not knowing the exact zero signal level because of quantization (bin) noise in the 
digitizer. The digitizer has an 8-bit resolution, so the true zero could be ±1I256'h of 
the full scale sensitivity from the measured zero. When the dlldt data are integrated, 
this error becomes a ramp. 
To minimize this zero error we first find the mean of the dlldt data' over a region 
where the signal must be zero, e.g., before current flows from the capacitor bank. 
This mean is then subtracted from the dlldt data before it is integrated. After this 
baseline error correction has been made, the late time values of the integrated dlldt 
data match the electronically integrated (and droop corrected) values very closely; 
proof that the technique has been performed correctly. 
D.S Aqueous electrolyte (copper sulfate) voltage probes 
Aqueous copper sulfate voltage probes have been used to measure high voltage 
since 1966 or perhaps earlier, and their power dissipation properties, temperature 
stability, etc. are well-known [13]. The resistors used for the HEPP-ICE experiments 
were designed conservatively so that they were well within their power and voltage 
handling limits. For these experiments where the peak voltage could be of the order 
of 200 kV, a plastic Tygon tube of 7.9 mm (5/16 inch) inside diameter (ID) and 
~30 cm (12 inches) long is required; the resistance is typically 1000 to 2000 n when 
• Using the AnchoGraph software a region of the dlldt data is highlighted and its mean is automatically 
subtracted from the complete curve. 
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filled with a -40 Q.cm resistivity solution, depending on the temperature.' (For more 
modest voltages, say -50 kV, the length may be reduced to -15 cm (6 inches) and the 
ID to 6.35 mm (114 inch) to maintain approximately the same resistance.) The 
connection to the lowest voltage (ground) end of the resistor was passed through the 
center ofa model 411 Pearson current transformer [14]. In this way the current in the 
resistor was measured via the mutual inductance with the current transformer, i.e., 
without direct contact to the circuit, thus eliminating ground loops. Note that the 
frequency response was limited by the Pearson 411 to -20 MHz. t As with the 
Rogowski coils [11], two probes were used in parallel for each experiment with 
opposite senses to reduce capacitive pickup effects. 
D.5.! Calibration of copper sulfate resistors 
Each resistor was calibrated with a precision AC bridge! at lOO kHz at a number 
of temperatures spanning the expected temperature for the day of the experiment; 
typical resistivity temperature coefficients were ~ d p = -0.02/oC at room 
pdT 
temperature. An expanded polystyrene housing was used to protect each resistor from 
changes in its physical dimensions and to insulate it from sudden changes of 
temperature (e.g., due to strong sunlight). High accuracy electronic thermocouple or 
mercury-in-glass thermometers were used to measure the interior temperatures of the 
housings; these were removed immediately before the experiment and the 
temperatures recorded. 
D.5.2 Experimental use of copper sulfate probes 
The same thermometers were used during the above resistor calibration and 
matched to each resistor so inaccuracies in thermometer readings were compensated 
for. The resistance for the experiment was thus calculated from the known 
temperature and the resistance versus temperature calibration. Typically, voltages 
measured in this way with two parallel resistors agreed to within 1 %. Wherever 
possible, two voltage probes were used for each voltage measurement with the 
Pearson current direction reversed from one to the other. In this way, capacitive-
pickup effects could be cancelled by subtracting one signal from the other . 
• Such high conductivity solutions have lower temperature coefficients than do weaker solutions. 
t The solution skin depth does not limit the response; it is estimated to be -70 mm at 20 MHz 
1 Hewlelt Packard HP 4l92A LF Impedance Analyzer 
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D.6 Single-point grounding system 
In a typical HEPP experiment currents and voltages of the order of tens of 
megamperes and tens or hundreds of kilovolts are present. For personnel safety, the 
protection of electrical instrumentation and for data integrity, it is crucial that the large 
available electrical energies do not stray beyond the experiment. To that end, a single-
point ground system was used as shown in Figure D-6. 
L bank 
CapaCitor 
Bank 
I seed 
CG 
I 
I 
I 
I 
I 
I 
------
FCG 
Crowbar 
I storage 
Iv 
3 closing 
switches 
EFF 
Opening 
switch 
ICE 
Ground 
Figure 0-6. The single-point grounded system showing the HEPP-ICE circuit, Rogowski 
coils measuring Iseed and Istorage, and a copper sulfate resistor (Rv) and current 
transformer (Iv) combination measuring the voltage across the opening switch. All 
instrumentation and the experiment were grounded to the single point shown on the bottom 
right. 
All diagnostics were electrically isolated from the circuit and are described 
elsewhere in this Appendix. Rogowski coils (and Faraday rotation probes) were used 
to measure currents without electrical contact with the circuit. Voltages were 
measured by directly connecting copper sulfate resistors to the experiment, then 
measuring the currents in those resistors with current transformers, i.e., without direct 
contact. The Faraday and VISAR systems were based on fiber optics and therefore 
electrically isolated. 
All the diagnostic data were recorded on digitizing oscilloscopes that were 
connected to a single ground. That same ground point was connected to the 
experiment on the firing pad by a 30-cm wide, 250-/lm thick aluminum II 00 foil 
which was -15 m long. The foil was insulated from the soil (dirt) of the firing pad by 
a 250-/lm thick polyethylene sheet. All coaxial cables were draped on top of the 
aluminum foil; the cables and foil extended together from the experiment to the 
instrumentation ground point. 
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With this simple grounding method, millivolt-level diagnostic data have been 
accurately and safely recorded in HEPP experiments over many decades. 
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E 
SHOCK HUGONIOT MISMATCH CALCULA nON 
E. J PBX-950J to AI. 606J-T6 to Polyimide 
In the clos ing switch, layers of poly imide are sandwiched between two aluminum 
t 
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Figure E-I . X-t diagram of shock wave reneetions at the 
various boundaries in the polyi mide switch. PI = 
polyi mide insulation; HE = PBX·950 1 explosive; AI = 
606 1-T6 aluminum. 
606 1-T6 plates, and a s lab 
of PBX-950 I hi gh explos ive 
is detonated in contact w ith 
one aluminulll plate. T he 
goa l here is to ca lculate the 
pressure, parti c le ve locity, 
and wave velocity in the 
polyi mide that result from 
the detonation wave 
developing a shock wave in 
the aluminum, w hich in turn 
develops a shock wave in 
the polyimide, and so on. 
The solution invo lves 
so lving each shock refl ecti on in turn . Onl y the first refl ecti ons are of in terest, i.e., 
those drawn in solid lines in the X-t di agram of Figure E-I .· The theoty of shock 
refl ection at a boundary is based on the fact that the pressures and parti c le ve loc iti es 
on either side of the boundary are equal [1 ,2] , so it is convenient to di splay the process 
graphica lly in the pressure-particle ve loc ity plane. It is assumed that the reader has 
some fam iliarity with the shock mismatch ca lcu lations . 
• In rea li ty, the boundaries move arter shock arriva l. Their movements have been omi tted from the X-I 
diagram fo r simplici ty. (In shock physics it is conventional to draw the X ax is on the horizonta l in X-I 
diagrams.) 
AppendixE Shock Hugoniot Mismatch Calculation 
The process is shown graphically in Figure £-2 and will be explained in detail in 
the following sections. As we are only interested in the shock pressures and transit 
times of the thin layer of insulation, we neglect relief waves that come in at 
significantly later times from the bottom and side surfaces of the electrodes. Wi th the 
knowledge that the attenuation of a plane shockwave is negligible over short 
distances, we ignore it. (The arrival of lateral rarefactions at the outside edges causes 
hydrodynamic attenuation of the waves, i.e., reduces the shock pressures, but that is 
outside of the central region of interest and can also be ignored.) 
The calculation is performed in several stages. First, the shock pressure and 
particle velocity at the explosive/metal interface are calculated. Then we calculate the 
pressure at the metal/polyimide interface, allow the wave to traverse the polyimide, 
and then calculate the pressure at the bottom polymide/metal interface. Throughout 
the calculations, we assume that the forward shock Hugoniots and reflected isentropes 
(adiabat) have identical shapes with equal and opposite slopes; this is a reasonable 
assumption at these pressures and it introduces negligible errors. The Hugoniots and 
reflected isentropes intersect at the points of initial particle velocity and pressure. In 
the subsequent analysis, the "points" refer to those of Figure £-2. 
E.2 Explosive/Top Electrode Interface 
The Jones-Wilkins-Lee (JWL) equation of state describes the shock Hugoniot of 
the detonation products of an explosive and its release adiabat [3]. The Hugoniot 
pressure Ph and the release adiabat Ps are defined as 
P,,(V)=A(I-~)e-R'V +B(I_~)e-R'V + wE 
R1V R2V V (£-1) 
P,(V) = Ae-R,v + Be-R,v + CV-(W+l) 
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Figure E-2. The graphical So lulion of the shock parameters (pressure vs. pal1icle velocity , 
up) in the po lyimide insulation (PI). lWL = the adiabat of PBX-950 I; I-lE = high 
explosive; AI = 606 1-T6 aluminum; Cl = Cl detonation stale; I = the initi al shock in Ihe 
HE atlhe Cl pressure, 37.0 GPa; 2 = the shock at the HE/AI interface, 40.33 GPa; 3 = the 
shock at the top AIIP I interface, 22.4 GPa; 4 = the reflected shock at the bOllorn PI/AI 
interface, 33.74 GPa. Dashed lines represent reflected waves, each labeled wi th a • 
symbol in th e legend ; sol id lines represent fOf\vard going waves. 
The constants in the two expressions are typically derived experimentall y. For the 
ad iabat of the driving ex plos ive used in the switch, PBX-950 1: A = 852.4 G Pa; 
B = 18.02 GPa; C = 1.207 G Pa; RI = 4.55; R2 = 1.30; llJ = 0.38; the relative volume of 
the products is V = vivo = POI P; Po = 1840 kg/m3; and the detonati on pressure (the 
Chapman-Jouguet (C-J) pressure), point I in Figure E-2, Pcj = 37.0 GPa [4]. Now the 
pressures and particle velocities are identi cal either side of the interface between the 
aluminum and the explos ive. Consequentl y, the intersection of the release adiabat 
with the shock Hugol1i ot of 606 1-T6 in the pressure/particle ve locity plane gives the 
pressure, particle ve loc ity , and relati ve vo lume of the shock wave as it propagates into 
the aluminul11. 
To find the intersecti on, the ad iabat l11ust fi rst be defined . Given that the Pcj = 
Ps(Vcp we ca n find Vcj. The so lution is Vcj = 0.74777. The ad iabat Ps{v) l11ust now be 
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expressed in terms of particle velocity, up. From the conservation of mass (Chapter I, 
1.1) and the definition of V 
(E-2) 
Finally, the shock velocity Us can be obtained from the Chapman-Jouguet 
condition that the shock velocity is the sum of the local sound speed, c, and the 
particle velocity 
U, =c+up (E-3) 
As Ply) is the adiabat, thermodynamic theory provides the souod speed 
2 BP, V2 BP, 
c =-=---
Bp Po BV 
(E-4) 
Hence, the forward-going adiabat has been defined. The reflection of this adiabat 
through the CJ point (point I) must intersect the aluminum shock Hugoniot (the solid 
red curve through the origin) for a forward going wave at point 2. It has been found 
experimentally that for most solid metals, the Hugoniot can be accurately defined as a 
linear relationship between the shock velocity and the particle velocity: 
U,(up)=c+sup -aluminum (E-5) 
For 6061-T6, s = 1.34, c = 5350 m/s, and the initial density po is 2700 kg/m3 [5]. 
As the is metal initially at rest (uo = 0), the conservation of mass and momentum (1.2) 
combined with (5.4) defines the change in pressure across the shock front thus 
(E-6) 
Here the initial pressure, Po, is usually dropped because the atmospheric pressure 
is so small (lOO kPa) compared to the reflected shock pressure at the interface (the 
shock pressure will be shown to be of the order of -40 GPa). Combining (E-I) to 
(E-4), Ply) can be expressed in terms of up, and (E-6) can be used to find the 
intersection between the curves, and hence the pressure and particle velocity at the 
interface. These expressions are tedious to solve and it was once common to solve 
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them graphically. In more recent times, these equations are solved numerically in a 
mathematics package such as Mathcad or with a hydrocode. 
From the foregoing analysis, the solution for PBX-950l in contact with 6061-T6 
gives a particle velocity of 1894 mls and a pressure of 40.33 OPa at the interface, 
point 2. From (E-5), the shock wave thus propagates across the aluminum at a shock 
velocity of 7888 mls, and as the aluminum is 3.175 mm thick, the shockwave 
traverses it in 402.5 ns. 
E.3 Top aJuminumlpoJyimide interface 
The shock Hugoniot of polyimide is a fourth-order polynomial with the following 
form [6] (rearranged for convenience of computation) 
U,P/(up) = 5349.25 +up( -6.67896+ u/ -3.89024xl0-6 
+up (7.73960 x 10-10 -5.57326xlO-14 up ))) 
(E-7) 
The initial density of the polyimide is 1414 kg/m3• The wave in the polyimide 
will travel forward, so (E-7) applies, but the wave in the aluminum reflects backwards 
at the interface, so from (1.2) the pressure for the reflected wave is 
(E·8) 
Here PrT6 is the pressure of the reflected shock, up is the particle velocity at the 
interface after reflection, jJT6 is the initial density of the aluminum before shock 
compression, v is the initial particle velocity in the aluminum of the forward going 
wave, and Ul2v-up} is Equation (E·5) with 2(v-up} substituted for up. Equation (E-8) 
is depicted by the red dashed curve between point 2 and 3. Using the same processes, 
the pressure and particle velocity at point 3 are 22.40 OPa and 2594 mls. Hence, a 
forward-going wave crosses between the two aluminum plates in the polyimide. The 
wave velocity in the polyimide obtained from (E-7) is 6108 mls; it traverses the I-mm 
thick polyimide in 164 ns. 
E.4 PoJyimide/ bottom aluminum interface 
The wave in the polyimide then reflects from the bottom aluminum plate and 
simultaneously launches a forward-going shock in the aluminum. The reflected wave 
is represented by the blue dashed line between point 3 and 4, and it has a 
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mathematical form similar to that of Equation (E-8). The forward going wave is 
represented by the same solid red curve going through the origin and points 2 and 4 in 
the figure. The intersection of the two curves gives the solution at point 4, namely P = 
33.74 GPa, u = 1652 m/s, and the shock speed in the polyimide is 6750 m/s. From 
(E-2) we find that this reflected wave traverses the polyimide after it has been 
compressed to 57.53% of its original volume by the forward-going shock. 
Consequently, the reflected wave traverses the 575-/lffi polyimide layer in 85 ns. 
E.S Final state 
In the absence of relief waves from the sides at ends, and if the explosive's 
detonation wave was a long, flat-topped shock, the shock-reflection process would 
continue until the pressures in the explosive, aluminum, and polyimide are equalized. 
The final pressure and particle velocity in all materials are then 40.33 GPa and 
1894 m/s, i.e., point 2. 
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F 
STATISTICS OF PARALLEL SWITCH CLOSURE 
F.l Estimating time of latest switch closure 
To prevent the EFF from reaching too high a voltage and thereby causing 
breakdown of the stripline insulation, it is important that the closing switches do not 
close late. This was of considerable concern with the Procyon switches, because they 
had such a large timing jitter. The solution to this was to connect several switches in 
parallel. This does two things, it reduces the probability of a late closure, and it 
reduces the overall impedance. The reduction in inductance is based on the 
assumption that the switches operate independently of each other, i.e., that their timing 
is independent of voltage or dlldV is small. In practice, it was found that the switches 
were dependent on each other. The polyimide switches had a small dlldV, but the 
polyimide switches had a large dlldV and hence a large dependence on each other, see 
Chapter 5. What follows is the statistics of the parallel switch operation, and if the 
inductance effects are ignored the timing statistics are correct. The inductance 
arguments are more appropriate for the polyimide switches than for the Procyon 
switches. 
Assume that a switch has a random and nonnal distribution of switch times such 
that the switch has a mean time to closure 10 and a standard deviation, a, as in Figure 
F -1. The probability that a switch closes earlier than a certain time I is 
t 
P(t) = k f e-t'/<7 dt where k is a constant. 
-ro 
The probability of closure at a later time is Q(I) = 1- P(I) .. Then, if we perfonn a 
number of trials of the switch, N, the probability that the switch will close later than I 
is Q(ll and the probability that it will close earlier than I in N trials is 
Appendix F Statistics a/parallel switch closure 
P(t) 
-2 -1 o 1 2 
Figure F-I. Nomlal distri bution of switch closure times, plotted as the nOlnlali zed frequency 
of closure at a certain time vs. the normal ized swi tch time (1- 10) / u. The probability that a 
switch will close earl ier than a certain time is pet) . 
PN(t ) = 1- Q(t)N = 1- (1 - P(!))". (F- I) 
These res ults a re shown gra phicall y in Figure F-2 using the stati sti ca l data of the 
po ly imide switch . Here the standard deviation is 56 ns. For one switch (N = I) there 
is a 50% probabi lity tha t the switch w ill c lose ea rli e r (no la ter) than the mean; for 
N=2, the probab ility is 75% ; for N=3 it is 87.5%; and for N=4 it is 93.8% . 
100% 
- N=1 
- N=2 
- N=3 
- N=4 
20% 
(t - to) IJs r-----~~~~._----_.--_o'%~------._----_.------._----~ 
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 
Figure F-2 . Probabil it ies that para ll el comb inations of N swi tches will close earli er than a 
certain time for the po lyimide switches, the standard deviation of onc switch is 56 ns. 
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G 
ANCHOGRAPH SOFTWARE AND THE BACKWARD 
CODE 
The Cerro Grande fire of May 2000 at Los Alamos left many of us at LANL with 
time on our hands at home. To fill that time, the author wrote a 32-bit Windows 
program called DataSwap to facilitate the exchange of data between various software 
packages used by the LANL HEPP-ICE team, including Scat95: DataSwap was the 
offspring of several DOS-based data conversion programs the author had written in 
the early 90s at the Naval Surface Warfare Center (NSWC), White Oak, MD. It 
included routines for the conversion of PVDF and carbon gauge data to absolute 
pressure. DataSwap proved to be very useful, but it was only a data conversion 
package, it really needed a graphic user interface (GUI). AnchoGraph is that graphics 
based version of DataSwap and its predecessors. It has been written for 32-bit 
Windows systems including Windows 2000, XP, and Windows Server 2003 family. 
Earlier versions down to Windows 95 will work with some loss of functionality, e.g., 
there is no support for multiple monitors. 
Anchograph was designed to replace and expand the data analysis functionality of 
Scat95 on a 32-bit platform. It provides a fast and accurate mathematical package that 
is capable of providing a wide array of mathematical processes that are relevance to 
HEPP and shock physics experimentation. In particular, routines for the Lagrangian 
and Backward analysis techniques described in this document are included. 
Anchograph was written in its entirety by this author, but the Backward routines were 
adapted from Fortran code provided by D. Hayes. 
Scat95 was a 16-bit Windows 3.1 based circuit analysis code and graphics data analysis 
package written by the HEPP group at LANL. 
APPENDIX 
H 
ESTIMATION OF ISENTROPES FROM SESAME 
TABLES AND SHOCK HUGONIOTS 
H.t Estimation from Sesame tables 
H.i.i Table organization and interpolation 
For economy of space the original Sesame tables [I] were coarsely divided in 
their increments between rows and columns of the tables. For example, in the original 
table for OFHC copper, Sesame 3336, there were lOO rows from 0 to 893.75 kg/m3 in 
density and 70 columns in temperature from 0 to 1.7407 MK. There are two 
individual tables, one for pressure' and one internal energy. To improve the 
calculation of the final temperature, especially in the case of the isentrope, the sesame 
tables must first be expanded to larger numbers of rows and columns by spline 
interpolation [2]. For good accuracy, the tables must be expanded at least tenfold 
using two-dimensional spline interpolation. 
H.i.2 Methods of calculating Hugoniots and isentropes 
From the classic shock equations described in Chapter I, Equation (1.5) gives the 
change in internal energy on the Hugoniot corresponding to a single pressure step 
from Po toP} 
(H-I) 
Using (1.7), we can relate the change in energy to temperature and entropy thus 
M=Tds-Pdv (H-2) 
• We use pressure here with the understanding that these tables contain hydrodynamic data, no strength 
effects are involved. 
AppendixH The estimation of isentropes 
For the isentrope, the entropy, but not the temperature, is constant and the change 
in energy is found by incrementally stepping up the thermodynamic tables 
(H-3) 
The tables of pressure and internal energy are both functions of density and 
temperature. For each density (each row in the table), the corresponding temperature 
must be found for each pressure. The final internal energy in the table must match the 
internal energy obtained from (H-l) or (H-3). In both instances, the solution is to 
search for the temperature that balances the energy equation. 
AE(v,T) = AE,(v,T) or AEh(v,T) (H-4) 
In the case of the Hugoniot, equation (H-l) is evaluated in a single step at each 
pressure and volume. For the isentrope (H-3), must be evaluated continuously all the 
way along the isentrope from beginning to end. 
H.I.3 Iterative solutions 
The iteration process to find the pressure is as follows. First (H-l) or (H-3) is 
evaluated for a particular volume, v, and pressure step, at an estimated temperature, T. 
Then the internal energy is found from the tables at the same volume and temperature. 
Usually the calculated and tabulated energies differ, because the temperature is wrong, 
so a new estimate of the temperature is found by estimating the specific heat Cv thus 
C (v T)", E(v,T+dT)-E(v,T) 
, , dT 
From Cv, the correct temperature T' is approximately 
T' '" T + E(v,T+dT)-E(v,T) 
C,(v,T) 
(H-5) 
The process is then repeated, by calculating (H-l) or (H-3) with the new 
temperature and comparing the calculations with E(v, T) from the tables. Typically, 
the results converge to a final temperature within a few iterations. 
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H.2 Estimate of an isentrope from a Hugoniot using the Mie-Griineisen 
Equation of State 
For the purposes of the Backward analysis an estimate of the isentrope for a 
particular material is required. There is a large database of shock Hugoniot data 
available, for example Reference [3], which may be used to obtain such isentropes 
using the Mie-Griineisen equation of state. Here we are estimating the pressure-
volume curve prY), then adjustments are made to pry) for strength ifneeded. 
The Mie-Griineisen equation of state is used to determine the change in pressure 
in a material corresponding to a change in its internal energy. This was briefly 
described in Chapter I. The Griineisen coefficient, r, is defined as r = v ap 1 ' and 
aE, 
r / v is considered to be constant over a wide range of temperature and pressure. ris 
related to the bulk modulus of the material, K = -.!. BY 1 ' the coefficient of thermal 
yap T 
expansion a, = ~ ;;1/ and the specific heat at constant volume, Cv; r = ay / KC, 
[4]. The equation of state relates the pressure Px to the pressure at a reference state Pr 
and the corresponding internal energies [5] 
r 
P'(v,E) = P, (v, E,) +-[ Ex (v) - E,(v) 1 
v 
To obtain the isentrope from the Hugoniot, the reference is the Hugoniot so we 
replace the subscript "r" with "h" for the Hugoniot and "x" with "s" for the isentrope. 
From the Jump conditions described ID Chapter 1, Equation (1.4), 
Eh (v) - Eo (vo) = +Cvo -v)(P" + Po) and Po, if it is atmospheric pressure, is negligible in 
comparison to Ph. 
P, (v, E) = P" [I-.!:.(Vo -V)] + r [E,(v) - Eo (vo) 1 2v v 
On the isentrope, E,(v)-Eo(vo) = - fp,dv by definition. Differentiating both 
sides with respect to V, and taking r / V as a constant, we then have 
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op r [r ]OP. r 
-' +-p, = I+-(v-vo) _h +p"-=F(v) Cv v 2v Cv 2v (H-6) 
If Ph and op" are known, for example if they are obtained from shock wave 
ov 
experiments, then assuming r / v is known the right hand side of the equation is a 
complete and a known function of v, F(v}. The equation is therefore a linear, 
nonhomogeneous, first-order equation in P, as a function of v. The solution for a 
pressure on the isentrope at volume v is found by integrating from the original state 
(Po, vo) to the final state (P,(v), v). The solution is 
rV r 
h=- fdv=-(v-vo) 
v v 
v. 
r r v r 
-(v-v.) -(v-v.) f -(v-v.) 
p, = p"e v +e v e V F(v)dv 
And substituting for F(v} we have 
(H-7) 
Equation (H-7) can be solved numerically with a mathematical package such as 
Mathcad [6]. Alternatively, it can be solved in a spreadsheet, if the increment 
between volumes, dv is small, or more particularly, provided that r dv « 1. Then the 
v 
isentropic pressure at a volume v can be approximated as follows 
The value p" (v) and its derivative indicate the values that are estimated at 
v = v - dv / 2 by taking the means from the values at v and v-dv. (Note that the term in 
F(v) is (v-vo) and not dv.) Typically r dv is adjusted to :::: 0.001 and then the error in 
v 
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Ps is < 0. 1 %.' Results from such a ca lculation are shown in Figure H- I for OF HC 
copper. 
Hav ing calcu lated ( ,\ . . . I fi d . ap Ps V/ It IS stra lg 1t Olwar to obta m - ' 
all by numerical 
differentiation or from (H-6) . Then the sound speed c = v) -ap, and the Lagra ngian 
av 
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Figure 1-1-1. Mie-Gruneisen estimate of iscnlrope P, from I-Iugoniol Ph for OFHC copper, r = 
1.99, ploltcd against relative volume. 
t ap sound speed are c,. = Vo av·' · Consequently, the Lagrangian sound speed is 
obtained as a function of either Ps or the particle ve locity 11. These relati onships are 
used in the Backward ca lculati ons as the "seed" isentropes. The Amoeba algorithm 
[Error! Bookmark not defin ed,], discussed in Appendix G, then adjusts the 
isentrope to match the VISAR data . 
• The advantage of an accura te estimate of the iscntrope is that it speeds convergence 10 a final 
solut ion in the Amoeba algorithm. 
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